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ABSTRACT
A 20.5 metre deep excavation with a footprint of 17 700 m2 was completed in downtown
Calgary for The Bow, EnCana office complex. The excavation support system required
to protect the neighbouring structures was monitored in accordance with Peck’s
Observational Method. The maximum observed horizontal deformation of the shoring
wall was 153 mm.

Geotechnical site investigation indicated that the bedrock was predominantly weak
Porcupine Hills Formation mudstones with more competent siltstones and sandstones
present in thin interbedded layers. Seismic survey results, point load test analysis, and
inclinometer readings during construction indicate that a weak zone of mudstone is
present within the bedrock. This zone is responsible for large horizontal deformation and
should be considered during design of excavation support. The shear band phenomenon
responsible for large deformations in previous downtown excavations was observed to be
highly sensitive to excavation activity.

Movement of the shear band occurred when

excavation activity was 12 m above the layer. Detailed and experienced geotechnical
investigation is required to accurately determine the location of potential shear bands.
Testing and monitoring results indicate that time dependent swelling in the order of 0.25
to 0.50 %/log cycle be considered during design of structures in the bedrock.

A finite element analysis indicates that the large movements observed during excavation
are due to the weak zone of mudstone, the shear band layer, and an elevated in-situ stress.
The combination of the above factors results in a large zone of influence due to
excavation. The estimated horizontal in-situ stress is 1.3 MPa. Further exploration and
testing of the in-situ stress is recommended.

Keywords:

Porcupine Hills Formation, weak mudstone, shear band effect, shoring,
excavation support, Observational Method, mass movement, finite element
analysis, swelling potential.
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c’

Effective cohesion [kPa]
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Elastic modulus [MPa]

E50

Secant modulus - elastic modulus taken as the secant at 50% strain to
failure [MPa]
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Tangent modulus - elastic modulus taken as the initial tangent [MPa]

EA

Strength parameter used in finite element analysis [kN/m]
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INTRODUCTION

1.1

General

Excavations in urban centers are challenging engineering problems. The need to protect
public safety and property in the form of neighbouring structures and utilities is
paramount, as both are in close proximity in an urban environment. Sensitive structures
require strict limits on the strain induced during excavation.

Additional challenges

include schedules, costs, and lack of construction space that must also be accounted for
during design and construction. As the available urban space becomes more developed,

This study interrogates the excavation for EnCana Corporation’s new office complex:
The Bow. The Bow is situated in downtown Calgary on the east side of Centre Street,
between 5th Avenue SE and 7th Avenue SE. Figure 1.1 is a photo taken from the Telus
building looking south at the excavation. Neighbouring structures include three roads (5th
Avenue at the north end, Centre street along the west, and 7th Avenue along the south),
the Andrew Davidson building to the east, the Royal Canadian Legion Branch No. 1
directly along the south shoring wall, and the PetroCanada Centre to the west. In Figure
1.1, taken in March 2008, the north block excavation has been excavated, and 6th Avenue,
which ran through the middle of the site, has been demolished, excavated 20.5 m, and is
being rebuilt for the Calgary Stampede Parade.

The Bow office complex spans two city blocks and has 6 storeys of underground parking.
The north block holds The Bow Tower, which is nearing completion at the time of
publication. The Bow Tower, designed by famous architects Fosters and Partners, is 58
storeys tall. An artistic concept of The Bow by the architect is shown in Figure 1.2. The
largest tower in Canada west of Toronto, The Bow is an impressive steel and glass
structure designed to be the new headquarters of EnCana Corporation and Cenovus
Energy Inc.
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the challenges faced with excavation within that space will increase.
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The soil at The Bow project was dominated by well graded fluvial sands, gravels and
cobbles, with minimal fill overlying the natural soils. The Porcupine Hills Formation
bedrock varies between 7 to 9 m below the surface and is composed of mudstones with
lenticular beds of siltstone and sandstone (AMEC 2005 and AMEC 2006).

The

mudstones in downtown Calgary have a history of large horizontal movements due to
excavation and construction issues related to its highly fissile nature.

Unfortunately,

there is a dearth of published literature in regards to construction in the Porcupine Hills
Formation, especially within the Calgary area. Little is known about the state of in-situ
stress within the City of Calgary.

The Bow office complex required an excavation with an average depth of 20.5 m over a
footprint of approximately 17 700 m2. The shoring design consisted of an anchored
secant caisson wall through the soil layers and toed into the bedrock, with a shotcrete and
anchor wall within the bedrock. The shoring was required to support the neighbouring
structures, protect against loss of soil, prevent the ingress of groundwater, prevent the
degradation of the weak mudstone bedrock, be flexible enough to adjust to unknown
geological conditions, and allow for a quick excavation and construction schedule to
meet demands placed upon the project by the City of Calgary. Installation of the shoring
system began in May 2007 and was completed in November 2008.

The construction of the shoring system and results from excavation were monitored
throughout the life of the project with a robust monitoring programme, in accordance
with Peck’s Observational Method (1969).

The programme consisted of 12

inclinometers, 6 extensometers, and numerous survey points at the top of piles, at specific
points on the shoring wall, at the base of the excavation, and along neighbouring
structures.

Results from the monitoring programme indicated that large horizontal

movements in the magnitude of 45 to 160 mm were observed along the shoring wall
during excavation. The extent of the horizontal deformation was found to be over 25
metres in some locations.

3
1.2

Objectives of study

This study reviews the history of the excavation and large soil/bedrock deformations at
The Bow, analyze the results from the monitoring programme, and conduct post
construction finite element analysis of the shoring and bedrock behaviour based upon the
geotechnical investigations, excavation and construction sequence, and the monitoring
results. This study is an attempt to provide an overview of the effects of these movement
observed during construction, identify the characteristics of the rock layers that caused
large horizontal movements, and an analysis of the behaviour of the bedrock during
construction.

1.3

Scope of thesis

The thesis contains six chapters.

Chapter 2 is a summary of the geological conditions located on site. A literature review
of the geological history is presented to summarize the state of knowledge of the Western
Canadian Sedimentary Basin in relation to the project area.

It concentrates on the

Porcupine Hills Formation and the known engineering issues that have occurred in the
upper members of the Western Canadian Sedimentary Basin. It attempts to isolate the
possible phenomena that were observed on site.

The second portion of Chapter 2 summarizes the information gained from the
geotechnical investigations conducted on site. Two drilling programs were completed:
one in the overlying soil stratigraphy (AMEC 2005) and one in the bedrock (AMEC
2006). The bedrock borehole investigation included core logging, axial and diametrical
point load test results, and downhole seismic survey results. During construction, block
samples from a zone representing a mudstone sequence believed to be responsible for
large horizontal movement were sent to the Geotechnical Research Centre and Golder

4
Associates in Calgary for testing. Laboratory tests were conducted to assess the strength
and deformation properties, mineralogy, and the swelling characteristics of the mudstone.

Chapter 3 is an overview of the design and construction history of The Bow excavation.
The chapter provides a background of the design philosophy and details for the
excavation support system. It summarizes the excavation and construction and reports on
the observed mass movements that occurred during construction.

A summary of the

chapter outlines the mass movements observed and offers a discussion on their probable
formation.

Chapter 4 contains a summary of the monitoring programme and an analysis of the
results.

The chapter concentrates on the results obtained from the inclinometer and

extensometer monitoring.

The monitoring programme successfully identified the

contributing geological conditions that resulted in large horizontal movements. The types
of movement, magnitudes, relation to excavation, and rates are explored. The chapter is
concluded with a summary of the findings and a brief discussion on the implications and
effectiveness of the monitoring programme.

Chapter 5 consists of a 2D plane strain finite element analysis using PLAXIS Version
8.6.

The analysis uses the geotechnical information gathered in Chapter 2 and the

construction information detailed in Chapter 3 to evaluate the effectiveness of the soil
and rock parameters derived from the geotechnical investigation and to evaluate an
approximation of the in-situ stress state.

The results of the analysis are carefully

compared to the monitoring results presented in Chapter 4 to ensure the adequacy of the
finite element models. The chapter ends with a summary of the results, the limitations of
the analysis, and a discussion on the results.

The results of this thesis are summarized in Chapter 6. The conclusions, discussion, and
limitations of the work based on the scope of the thesis are presented. As well,
recommendations for are made for future engineering work and research.

7 Avenue SE
Andrew
Davidson

PetroCan
Centre

5 Avenue SE
Figure 1.1.

Excavation for The Bow in March 2008.
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2.0

GEOTECHNICAL INVESTIGATION

This chapter contains a literature review covering the geological history and conditions of
the Calgary area bedrock and of the geotechnical investigations completed for The Bow
project.

2.1

Geological background

The project site is located near the western edge of the Western Canadian Sedimentary
Basin (WCSB). Figure 2.1 shows the surficial bedrock geology in the WCSB in the
Calgary and southern Alberta area. The Basin forms a prism with an approximately 4000
m thick edge adjoining the Rocky Mountains to the west and thins to 0 m to the northeast
and east in Saskatchewan and Manitoba, where it abuts the Canadian Shield.

The uppermost portion of the Western Canadian Sedimentary Basin along the western
edge is composed of the Paskapoo-Porcupine Hills Formations. These two Formations
compose a non-marine clastic wedge with a thick western portion thinning to the east.
The western edge is estimated to be between 915 m (Carrigy 1971) and 1500 m thick
(Allan and Sanderson 1945) in the Porcupine Hills Formation to the south, and
approximately 850 m thick (Hamblin 2004 and Jerzykiewicz 1997) in the Paskapoo
Formation to the north. The wedge thins out to approximately 90 m thick to the east,
where it forms an erosional contact with marine sediments in the Alberta Plains at the
Saskatchewan border. To the south, the Porcupine Hills Formation pinches out near the
border with Montana (Dawson et al 1994).

The Paskapoo Formation thins to 0 m

approximately 100 km north of Edmonton (Hamblin 2004 and Hamilton et al. 1999).

The Paskapoo-Porcupine Hills sequence is mid-Paleocene in age and represents a time of
high energy deposition due to a period of active thrusting in the Laramide Orogony. The
depositional environments were non-marine aluvial fan and fluvial floodplains (Hamblin
2004). Both the Paskapoo and Porcupine Hill Formations are composed of interbedded
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sandstones, siltstones and mudstones. Sandstones typically range up to 15 m thick, and
the basin wide beds are used as marker layers (Mack and Jerzykiewicz 1989). There are
subtle but important differences between the mudstone and sandstone compositions of the
Paskapoo and Porcupine Hills Formations that will be discussed in detail later in this
section.

In general, the Paskapoo Formation contains more volcanic elastics and less

calcareous cementation than the Porcupine Hills.

As well, the Paskapoo mudstones

contain bentonitic and coal bearing seams, where as the Porcupine Hills mudstones are
free of bentonite and coal but contain a higher calcareous cementation and caliche
glaebules (Carrigy 1971, Jerzykiewicz 1997).

The type of boundary between the Paskapoo-Porcupine Hills sequence and the lower
strata has been debated. To the south, evidence supports an erosional contact between the
Porcupine Hills and the underlying Willow Creek foundation (Carrigy 1971). To the
north, the nature of the lower boundary of the Paskapoo Formation, with the Scollard
sequence is less well defined. Structural evidence of outcrops from a basal sandstone
unit indicates an unconformity boundary, whereas paleontological evidence indicates that
the boundary is transitional (Jerzykiewicz 1997).

2.1.1

Porcupine Hills Formation

Named after the Porcupine Foothills in southwestern Alberta, the Porcupine Hills
Formation is formed of interbedded alluvial or fluvial clastic sedimentary rocks. The
Formation is predominantly weak mudstones with caliche glaebules and interbedded
competent siltstones and sandstones.

The cross-bedded sandstones range up to 15 m in

thickness and are generally composed of fine to medium sand grains held together with a
high percentage of calcareous cement (Jerzykiewicz 1997, Mack and Jerzykiewicz 1989,
Carrigy 1971).

Originally thought to have formed during the late Paleocene (Carrigy 1971), later studies
(summarized in Hamblin 2004) indicate that the Formation is of the early Paleocene,
indicating that it is the same age as the Paskapoo Formation.
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The Porcupine Hills Formation forms the upper portion of the asymmetrical Alberta
Syncline. The western limb of the syncline dips steeply (approximately 25°) to the east,
while the eastern limb is near horizontal, with a <1° dip to the west (Dawson et al 1994,
Davachi et al 1991, and Hamblin 2004). Dip measurements are usually derived from
correlation between deep drilling exploration programs, as near surface outcrops have
proved unreliable (Farvolden 1961). A full profile of the Porcupine Hills Formation was
derived and published for the Oldman Dam foundation project (Davachi et al 1991). For
the project, the Formation was roughly divided into two sequences: the Upper Mudrock
and the Basal Sandstone sequence. This informal division was later used by Jerzykiewicz
(1997) in his descriptions of the uppermost sequences of the WCSB.

The Upper Mudrock sequence is composed mostly of mudstone layers with minor
sandstone intrusions of 0.2 to 2 m thickness. The sandstones are lenticular and were
likely the result of a fluviodeltaic environment. The lower Basal Sandstone sequence is
dominated by thick (up to 5 m), uniform sandstone layers with mudstone between. In
both sequences, the mudstones contain thin beds of more competent siltstone (Davachi et
al 1991).

Grain size in the sandstones ranges from fine to very coarse, but is typically fine to
medium with a coarsening upwards trend (Hamblin 2004). Petrological work by Carrigy
(1971) indicates that the Porcupine Hills Formation sandstones are composed mostly of
quartzose minerals (27.2%), chert (18.3%), non-volcanic rock fragments (18.6%), and
limestone and dolomite (14.3%).
volcanic detritus and feldspars.

The rocks contain trace to negligible amounts of
The sandstones have a large amount of calcareous

cement. A more updated petrographical study was completed by Mack and Jerzykiewicz
(1989), as several of Carrigy’s samples were mistakenly from the Saunders Group. Mack
and Jeryzkiewicz found that the Porcupine Hills sandstones were composed of 42.5%
quartzose minerals, 33.5% chert, 17.5% non-volcanic rock fragments, with small
amounts of volcanic based minerals.
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No detailed published petrological studies of the mudstone have been found by the
author.

Available information about the mudstones is conflicting.

All agree that a

marker of Porcupine Hills is commonly the presence of caliche glaebules and caliche
debris. Davachi et al (1991) indicate that the mudstones are calcareous and claybearing
(20% to 80% clay), but with the clay minerals unidentified. Allan and Sanderson (1945)
reported that the clay content is low. Hamblin (2004) indicated that he observed caliche
nodules in the Paskapoo formation in the Calgary area, but the author suggests that the
identification of Formation was incorrect and that the bedrock in Calgary is of the
Porcupine Hills formation, which is in keeping with the presence of caliche. Carrigy
(1971) restricted his studies to the sandstone facies of the Formation.

The literature is also split on the Formation within the City of Calgary. The majority of
authors indicate that the bedrock in Calgary is of the Paskapoo Formation. However,
several authors present arguments for the Porcupine Hills formation as the underlying
Calgary bedrock.

Carrigy (1971) assigns the bedrock as Porcupine Hills based upon

classification from the sandstone petrology samples. Hamblin (2004) reports that the
bedrock in Calgary is composed of the Paskapoo Formation, but mentions personal
observations of Porcupine Hills marker caliche glaebules in the Calgary mudstones. The
Geotechnical Engineer of Record for The Bow Project, AMEC (2006), reports the
bedrock as being Porcupine Hills. Osborn and Rajewicz (1998), in their paper Urban
Geology of Calgary, indicate that the upper portions of the bedrock are Porcupine Hills,
while the lower portion is from the Paskapoo Formation. It is important to identify the
bedrock in Calgary, as the mechanism of shear movement is different in each Formation.

2.1.2

Shear movement

Shear movements along a thin layer or bedding plane have been observed in both the
Porcupine Hills and the Paskapoo Formation mudstones.

Based on differences of

structure, petrology, and depositional characteristics between the two Formations, the
method of shear movement is fundamentally different even though they result in similar
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lateral movement. Thus, it is of critical importance to correctly identify the unit in which
the project is based.

Shear movement in the Paskapoo Formation is controlled by well defined bentonitic
layers.

Often these layers are associated with coal deposits that are found in the

mudstone facies of the Paskapoo Formation and not in the Porcupine Hills Formation.
These bentonitic layers have been recorded as being instrumental in slope failures and
large lateral movements (Chan and Morgenstern 1987, Small and Morgenstern 1992).
The layers are typically recorded to be around 100 mm thick and were continuous over
large areas. Laboratory testing of the bentonitic layers indicates that the cohesion is near
zero, with a peak angle of internal friction of 14°, and a residual angle of 7 to 12°. The
bentonitic layers are believed to reside in-situ at the residual strength due to a
combination of stress relief and glacial block deformation (Tsui et al 1988, Chan and
Morgenstern 1987, and Small and Morgenstern 1992).

The shear movement in the Porcupine Hills Formation is documented in the paper on the
Oldman River Dam foundation by Davachi et al (1991). The findings indicate that the
shear movement is controlled by bedding planes in the mudstones. The authors indicated
that the shear planes were a result of tectonic activity, glaciotectonic activity, and valley
rebound.

Davachi et al (1991) concentrated on the shear planes in detail during the

exploration of the dam site. The shear plane characteristics are re-printed below.
1. They usually occur along contacts between relatively strong and weak
rocks, such as sandstone and claystone, or in claystones [mudstone
equivalent] situated between stronger siltstones or sandstones.
2. They generally parallel bedding and, hence, are usually near horizontal
in flat-lying mudrocks.
3. They may occur as single shear planes, groups of closely spaced
subparallel shear planes, or as brecciated zones, i.e. Numerous
intersecting fracture planes.
4. Single shear planes are usually less than 2 mm thick and occasionally
up to 10 mm thick. Groups of shear planes or brecciated zones can

have a total thickness of up to 75 mm. Thickness is highly variable.
Upper and lower wall-rock contacts of the shears my not be parallel,
depending on thickness.
5. Thin shears planes, i.e., less than 2 mm, often contain fillings of silt
and clay gouge, whereas thicker ones may contain small angular rock
fragments and gouge.
6. They are commonly associated with thin, dark, carbonaceous
claystones marker beds.
7. They are commonly continuous for distances of hundreds of metres,
and some up to 1000 m.
8. Depending on mudrock unit thickness, curved shear planes or splays
dipping at angles of up to 50° occasionally develop off the main
bedding-plane shear and terminate in a short distance within the
adjacent beds or continue across the bed to merge asymptotically with
the bedding-plane contacts.
9. Sometimes the splayed shear planes form a braided network of shears
within a claystone bed.
10. Their geometry can be measured using the roughness concept.
Roughness generally varies inversely with the base length of the
asperity measured.
11. Their frequency is the greatest in the upper 10 to 15 m of bedrock.
This may be attributed to weathering.

Davachi and his co-authors conducted extensive testing of the shear planes, and
developed residual friction angle relationships with regards to clay content, liquid limit,
and plasticity index. In general, the residual friction angle from shear testing was found
to be between 8 and 30 degrees, with a representative angle of 12° being chosen. A final
engineering residual angle of friction was given to be between 13 and 17° based upon
adjustments due to extent, contact roughness, thickness of shear planes, and in-situ
condition.

Results of mudstone parameters observed by Lo et al (2009) for samples
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collected at The Bow were compared with the results published by Davachi et al (1991)
and are shown in Figure 2.2. The results show some correlation.

Both the Paskapoo and the Porcupine Hills Formation report slickensided planes within
the zones of shear movement. In both Formations, the slickensides were caused by prior
geological activities previously mentioned (tectonic, glaciation, and rebound), but
contained no specific directionality (Chan and Morgenstern 1987, Tsui et al 1988,
Davachi et al 1991, and Small and Morgenstern 1992).

2.1.3

In-situ stress

Very little published information is available on the in situ stress regime of the upper
sequences of the Western Canadian Sedimentary Basin. The study of stresses at depth in
the WCSB has been undertaken by the author as J.S. Bell at the Geological Survey of
Canada. Bell’s work concentrated on the deformations and breakouts in boreholes drilled

information was derived from depths of 1 km or more. Bell and Gough (1977) discuss
the findings of breakout orientation in the upper Wapiti Formation of late Cretaceous age.
These indicate an overall NW-SE orientation of the principal horizontal stress. As well,
the type of fractures observed, strike-slip and thrust-fault, indicate that the vertical stress
is not the principal stress. Macrostructure bedrock fracture type and orientation were
studied in the area west and south of Calgary by Babcock, who published his findings in
1973. Babcock’s work indicated that region wide discontinuities in the bedrock were in
keeping with the type and orientation that would indicate a higher horizontal stress than
would be expected by normal consolidation. The reported regional discontinuities are
comprised of two families of joints, each striking perpendicular to each other, with dips
approximately vertical. The major family had a strike of NW-SE, which is consistent
with the stress regime indicated by Bell’s numerous works. However, Babcock indicated
that the vertical dips of the joint families were controlled by the crossbedding of the
sedimentary rocks.

m

However, most of the reported

This would indicate that the orientation of the proposed surface
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for oil and gas exploration in significant detail.
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stresses and the joint families are in agreement, but that there is not enough evidence to
indicate that the vertical stress is less than the horizontal stress.

There is also reason to believe that local geological conditions have greatly affected the
in situ stress on site. As shown in numerous papers (Lo et al., 1979; Myrvang, 1993) the
stress regime near surface is greatly affected by the topological conditions.

At site,

neighbouring structures with underground parking garages (Petro Canada Centre, Telus
Centre, James Short Parkade, and Hyatt Convention Centre) would have altered the stress
regime. Further, larger scale features such as the Bow and Elbow rivers as well as a
reputed buried channel in downtown Calgary are likely to have affected the in-situ stress.
Currently, there are not indicators of stress magnitude or direction for the project site.

2.2

Site investigation programme and results

The geotechnical investigation began with a soil investigation by AMEC in April 2005,
the results of which were reported in the 2005 AMEC Geotechnical Report.

The

investigation consisted of 8 boreholes over the construction site that were advanced to
bedrock (between elevations 1037.7 and 1040.2 m) and were used to interpret the soil and
groundwater conditions over the site. Borehole locations are shown in Figure 2.3.

The boreholes were advanced using a double barreled percussion system on a truck
mounted drill. The barrels used reverse circulation with air to flush the cuttings. The
cuttings were collected at the surface in a cyclone to dissipate the discharge energy, and
the soil was identified. The number of blows required to advance the barrel 0.3 m was
recorded in order to derive engineering parameters (AMEC 2005).

Standpipe piezometers were installed in 6 of the 8 boreholes using 25 mm diameter PVC
pipe with slotted sections. The slotted sections were backfilled with washed sand. The
remainder of the borehole was backfilled with cuttings and a bentonite plug.

Each

wellhead was cut level to ground surface and protected with a concrete and steel cap
(AMEC 2005).

The soil investigation indicated that the subsurface conditions consisted of three main soil
types: fill, fluvial deposits, and gravels.

The fill was identified by a low blow count and lack of return during flushing. Typically,
the fill was found between 0.5 and 1.5 m, but the report (AMEC 2005) indicated that the
fill should be expected for the first 2 m, and could be up to 3 m in some areas. The fill
consists of native materials, usually gravel, but also some fluvial deposits. Fill in Calgary
is rarely imported (AMEC 2005).

The fluvial deposits were not encountered in the exploration program. AMEC (2005)
reported on the deposits based upon their local experience. The deposits usually consist
of sand and fines and are found above the gravels and can greatly vary in thickness over
short distances. The fluvial material in Calgary is generally loose to compact and firm to
stiff (AMEC 2005). Drilling and construction records during the excavation indicate that
no significant fluvial deposits were encountered on site.

The gravel deposits are the most dominant deposit that was observed on site. Consisting
of well graded material ranging from fine sands to cobbles and boulder sized material, the
gravel extends from the fill to the bedrock. The layer often contains lenses of sorted
gravel, sand, or sandy silt (AMEC 2005).

The bedrock at the site was investigated in detail during April and May 2006, and was
reported in the supplemental geotechnical report by AMEC in July 2006. The program
consisted of 8 boreholes over the site location, which were advanced to the rock surface
using double walled pipe and diesel hammer. Once located on the bedrock, NQ size
cores were taken using a truck mounted auger with a wire line system. The borehole
depth for the supplementary investigation varied between 19 and 21 m. The samples
retrieved were protected and logged at AMEC’s Calgary office.
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The bedrock description given in AMEC’s 2006 report was based on the findings from
the supplemental investigation and AMEC’s experience in the downtown Calgary area.
The bedrock was reported as being a part of the fresh water deposited Porcupine Hills
Formation. Composed mostly of mudstone with interbedded siltstone and sandstone, the
dominant cementing agent is reported as clay, giving the bedrock a soil-like consistency
(AMEC 2006). An example of the bedrock layering is given in Figure 2.4 and shows the
majority mudstone with gravel overlaying and thin layer of sandstone.

The mudstone can be weathered between 1 to 4 m in the uppermost portion of the
bedrock.

The mudstone is relatively horizontally bedded, fragmented rock and has a

strength ranging from weak to medium strong as defined by the ISRM (1981).
Slickensides and localized distortion, likely caused by glacial action, are common in the
These slickensides were observed during excavation by

the author and occurred in thin, very weak, dark coloured layers of mudstone. The
siltstones and sandstones form indurated lenses within the predominant mudstone. Given
the weak, fragmented state of the mudstone, as well as its tendency to quickly degrade,
laboratory testing results are suspected of giving significantly lower parameter values
than would be found in-situ (AMEC 2006). This is counter-intuitive of normal practice,
where the lab testing often over estimates the rock properties. However, in this case, as
derived from local experience, the capacity of the in-situ bedrock is greater than the
interpreted results from laboratory testing (AMEC 2006).

The piezometers installed on site indicated that the groundwater table was 0 to 1 m above
the bedrock. Of the eight piezometers installed, only 6 encountered the groundwater.
Most of the groundwater was located in the gravel layer, with one piezometer recording
groundwater from the weathered section of the bedrock.

The 2005 AMEC report

indicated that the groundwater level and direction of flow was dependent on the water
levels of the Bow and Elbow rivers, and could fluctuate quickly due to the high
permeability of the material.
groundwater (AMEC 2005).

No chemical information was available about the
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upper regions of the bedrock.
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2.3

Reported issues with local geology

AMEC reported several known issues with the mudstone bedrock, mostly in the 2006
Supplemental Geotechnical Report.

The report commented on known and suspected

construction issues that have been observed in past projects.

The mudstone has caused issues during construction in the past due to rapid deterioration.
AMEC reported that the mudstones will quickly revert to a soil like material through
slacking when excavated and exposed. This is reported to be due to the natural moisture
content being well below the plastic limit of 20 to 25 per cent. This behaviour is typical
of compaction mudstones (Goodman 1993), but different from the cemented mudstones
typically seen in Southwestern Ontario. In addition to this, the mudstone was observed
by the author to deteriorate rapidly when exposed to water and disturbance. This is most
likely due to the fact that the reported liquid limit 30 to 40 percent was quickly surpassed

The history of excavations in Calgary has been plagued by large horizontal movements.
The 2006 AMEC report commented on these movements by discussing the suspected
shear band phenomenon and possible high horizontal stresses.

At the time of geotechnical investigation, the shear band phenomena in downtown
Calgary had yet to be reported publicly. As such, there was no available information
about the causes, mechanisms, rates or magnitudes of horizontal deformation suspected
to be caused by shear bands. The 2006 Supplementary Report discussed the possible
phenomenon.

The shear band phenomenon was suspected to be the result of progressive failure along
bedding planes that existed at or near the plastic yield surface in-situ. Excavation would
cause a release of stress and result in horizontal strain. This would result in progressive
yielding along the weak bedding planes. The magnitude of horizontal strain would be

UAfst.o

by heavy construction equipment mixing water and rock.

dependent on the magnitude of in-situ horizontal stress, which was reported as Ko = 2.
The value of K<, = 2 was derived via back-calculations from one previous site.

It should be noted that the reported method of in-situ stress is a soil mechanics concept in
accordance with Rankine and Coulomb earth pressure theory. In-situ stresses in rock are
the result of the geological history experienced by the rock, such as orogenic cycles,
diagenesis, unloading, or tectonic influences. As such, the relationship between vertical
and horizontal stresses is not usually defined by a correlated linear increase with depth.
As has been conclusively shown in Southwestern Ontario, sedimentary deposits can have
horizontal stresses up to eight times the vertical stress and can vary significantly over the
profile depending upon the rock formation (Lo et al., 1979).

Geological conditions controlling the deformation were reported as being the lateral
continuity of the weak bedding planes.

This is in keeping with the conclusions of

Davachi et al. (1991) with their work on the Oldman Dam foundations.

Swelling properties of the bedrock were also commented on. AMEC (2006) reports that
X-Ray diffraction results from sites throughout Calgary indicate a lack of swelling clay
minerals. This information is erroneously used to indicate a lack of swelling potential in
the bedrock.

2.4

Seismic testing program

A downhole seismic testing program was completed by Frontier Geosciences Inc. on
seven of the eight boreholes into rock (BH06-01 to BH06-07).

The logging was

completed in 1 m intervals through the soil and at 0.5 m intervals through the rock and
recorded both compression waves and shear waves. The increased interval through the
rock allowed for more precise identification of bedrock layers and the results reflected
the findings in the borehole logging.
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Frontier Geosciences Inc. used a Geometries Geode, 24 channel signal enhancement
seismograph along with Sercel GS14-L3 triaxial downhole geophone package for
recording and digital storage. The shear waves were generated with a sledge hammer
hitting the ends of a steel beam coupled to the ground via loading by truck axle. The
beam was hammered on both ends to develop positive and negative shear waves.
Compression waves were created by hammering a circular steel plate.

The findings indicated P and S wave values consistent with the logged core and ranged
from 1800 to 2230 m/s for compression waves and from 220 to 750 m/s for shear waves
for bedrock. Overburden results indicated lower shear wave values and ranged from 190
to 325 m/s. Due to the variability in mudstone, siltstone, and sandstone interbedding and
thickness, there is little correlation between rock type and wave velocity. The reported
values often represented general averages over the layers.

Bedrock shear wave values averaged around 400 m/s.

An example of the results is

shown in Figure 2.5. In general, the relatively low shear wave velocities are consistent
with weak sedimentary rock. The exception to this is the low shear wave velocity of 260
m/s observed in a thick layer of mudstone found in borehole BH06-04 (shown in Figure
2.5) and BH06-05. The low shear wave velocity was found at 11.5 m in BH06-04 and
12.5 m in BH06-05.

These layers correspond with the observed weak layers in

Inclinometer 11 and 12 for Borehole BH06-04 and Inclinometer 8 for Borehole BH06-05.

2.5

Laboratory testing

During construction activities, block samples were taken from the excavation by Golder
Associates on behalf of Isherwood Associates for the purpose of performing a variety of
tests in order to analyze the rock properties with greater accuracy. The samples were
chosen from a visibly distinguished layer that corresponded to the elevation of the shear
band observed in the inclinometer results (Inclinometer 8).
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The samples were removed from approximate elevation 1028 m, by the east wall just
south of 6th Avenue. The location is shown in Figure 2.3. Removal and preservation of
the samples was extremely difficult and required hand excavation.

Irregular block

samples were protected by plastic wrap and wax covering. Slickensides were observed in
some of the block samples removed. Several samples were sent to the Golder Associates
laboratories in Calgary, Alberta for direct shear testing. The majority of the samples
were sent to the Geotechnical Research Centre (GRC) at the University of Western
Ontario and were tested by the laboratory staff.

Golder Associates completed two direct shear tests. The GRC completed a suite of tests
to analyze the strength, deformation, swelling, mineralogical, physical and chemical
characteristics of the Porcupine Hills mudstone. The findings by the GRC are reported in

by Lo et al (2009). This section will summarize the findings of the strength, deformation,
and swelling characteristics derived from the test results by Golder Associates and the
GRC.

2.5.1

Uniaxial compression tests

Strength and deformation properties of the mudstone were derived from five uniaxial
compression tests. Results from the UCT tests are shown in Figure 2.6 and summarized
in Table 2.1. The average E50 modulus obtained is 133 MPa, approximately 50% less
than the lowest elastic modulus derived from the downhole seismic testing.

This is

expected, as shear strain reduction occurs between the strain rates of the two test types
(Benz et al 2009). There is good correlation between the E50 results and the tangent
modulus (Et). The E50 is the secant modulus taken between the origin and the strain at
50% of the ultimate strength. The Et is taken as the initial tangent modulus from the
beginning of the test.

The observed uniaxial compressive strength ranges between 560 to 1230 kPa.

The

variation could be due to sample size (restricted due to difficulty in creating samples) and
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detail in the paper Geotechnical Properties of a Weak Mudstone in Downtown Calgary
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fissure location. These issues have been reported to decrease the observed UCT results
(Hudson and Harrison 1997).

2.5.2

Direct shear tests

Several direct shear tests were completed by Golder Associates and the GRC. The results
from Golder’s tests are given in Figure 2.7 and Figure 2.8. An example of results from
GRC is given in Figure 2.9.

In general, the tests from the two companies indicate

acceptable correlation.

The GRC performed 5 multi-stage direct shear tests. The limited number of samples
dictated that each sample be tested multiple times at varying normal loads. For each test,
the normal load was applied and the sample was allowed to consolidate for 24 hours.
The sample was then sheared until peak strength was reached. The sample was then
consolidated under a higher normal load prior to being sheared again. Once maximum
strain has been attained, the test was reversed until the two halves were aligned, and then
the residual shear strength was taken. For all stages, the rate of axial strain was set to
0.0162 mm/min.

An example of multi-stage direct shear tests is given in Figure 2.9, which demonstrates
three stages of shearing were at the normal consolidation pressure of 150, 300, and 600
kPa.

The first and second stages were conducted until peak strength was clearly

observed. For each stage, the sample was allowed to consolidate for a minimum of 24
hours.

At the end of Stage 3, the shear box was reset and the residual strength was

measured.

2.5.3

Mohr-Coulomb strength envelope

The results of the strength parameter testing are summarized in Figure 2.10. This Figure
combines the results from Golder Associates’ direct shear tests, and GRC’s multistage
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direct shear tests, uniaxial compression tests, and triaxial tests.

The results of the

different tests were consistent. Linear Mohr-Coulomb envelope for the intact strength of
the rock was interpreted to be c ’ = 340 kPa and t))’ = 24°.

The residual strength

parameters were found to be c ’ = 0 kPa and <j)’ = 15°. The residual strength of the
mudstone is within the range observed at the Oldman Dam site (Davachi et al 1991).

2.5.4

Swelling tests

A suite of swelling tests was completed by GRC. In total, two semi-confined swell tests
and two null swell tests were completed to assess the swelling potential of the Porcupine
Hills mudstone.

To accompany the results, salinity and calcite content tests were

completed. The results of the tests are summarized in Table 2.2.

The two semi-confined swell test specimens were placed under a confining load of 0.01
MPa and were tested in accordance with the practices outlined in Lo et al. (1978). The
mudstone samples were able to swell freely in the transverse directions, while the
swelling rate in the direction of the confining load measured. The results are interpreted
by taking the average slope of movement between 10 and 100 days in log time scale. As
indicated in Figure 2.11, the horizontal swelling potentials (HSP) measured were 0.53
%/log cycle for SCST 1 and 0.24 %/log cycle for SCST 2.

The null swell testing and interpretation procedures were conducted according to Lo
(1989) and Lo and Lee (1990). The null swell tests analyze the required suppression
pressure to prevent swelling from occurring by restricting movement in one direction to
near zero axial strain and measuring the build-up of load. The results of the null swell
tests are shown in Figure 2.12. The suppression pressures obtained on two mudstone
tests were 0.7 and 1.25 MPa.

As shown in Lee and Lo (1993), the swelling potentials are derived in part by the
diffusion of salt water in the rock specimen porewater and the calcite content acting as a
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natural suppressor of swelling.

The semi-confined swell tests were found to have a

natural porewater salinity of 0.95 to 1.2 mg/g of rock and calcite content between 0.9 and
1.02 %. Both null swell tests had a calcite content less than 0.9 % and the salinity was
between 0.95 and 1.06 mg/g of rock.

The swelling potential of the Porcupine Hills

Formation is plotted in relation to the calcite content in Figure 2.13.

As shown, the

swelling potential is higher than normal based upon the calcite content when compared to
other shales.

2.5.5

X-ray diffraction tests

X-ray diffraction tests were completed by GRC to analyze the mineralogical components
of the clay content found in the mudstone samples. Two different types of mineralogical
*

tests were completed: one with randomly oriented rock powder, and one with oriented
less than 2 pm mudstone fines. The tests were completed using a Rigaku RTP 300 RC
rotating anode diffractometer with CoKa radiation and the results were interpreted and
the minerals identified in accordance with Brendley (1951) and Moore and Reynolds
(1997).

The results of the randomly oriented tests are shown in Figure 2.14, while the oriented
less than 2 pm fines test are shown in Figure 2.15. Results indicate that the dominant
non-clay minerals are quartz and feldspar. From the oriented fines test, the dominant clay
minerals are kaolinite and interlayered illite and smectite.

Smectite is known as a

swelling clay, similar to bentonite. As the sample was taken from a black layer thought
to correspond with the shear band observed in Inclinometer 8, the lack of bentonite could
be used as an indicator to confirm the bedrock is of the Porcupine Hills Formation.

<
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2.5.6

Point load test profile

The borehole information available from the 2006 AMEC geotechnical report was
analyzed. The axial and diametrical point load tests were plotted with respect to their
elevation. The results shown in Figure 2.16 and Figure 2.17 indicate the respective axial
and diametrical results.

It is noted from the figures that there is a layer of weaker

mudstone material between elevations 1031 and 1035 m. This elevation corresponds
with the lower shear modulus results seen in the downhole seismic analysis completed for
boreholes BH06-04 and BH06-05.

2.6

Summary and conclusions

The soil, rock, and groundwater characteristics at The Bow construction site were
characterized through a site investigation including 15 boreholes reported in two
geotechnical reports by AMEC (2005 and 2006), downhole seismic survey results
(AMEC 2006), and laboratory tests by Golder Associates (2008) and the GRC (Lo et al
2009).

These results will be used in Chapter 5.0 (Finite Element Analysis) in

combination with the monitoring results described in Chapter 4.0 (Monitoring
Programme). Based upon the results of the investigations, the following conclusions can
be drawn:•

•

The geotechnical site investigation results indicate that the site is generally
composed of 6 to 9 metres of well graded sands and gravels overlying the
Porcupine Hills Formation. The bedrock is composed mainly of mudstone, with
interbedded siltstone and sandstone lenticular layers (AMEC 2006).

•

Seismic downhole survey results indicate that the rock mass has an average shear
wave velocity of 400 m/s. Values ranged from 220 to 750 m/s (AMEC 2006).

•

The seismic downhole survey results identified a layer of low shear wave velocity
in boreholes BH06-04 and BH06-05 that corresponded with thick mudstone layers
(AMEC 2006).
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•

The mudstone is weak (ISRM 1981) with axial and diametrical point loads
between negligible to 4.59 MPa. Most mudstone point load test results (axial and
diametrical) were less than 0.16 MPa.

The siltstone and sandstone layers

experienced higher point load tests with values up to 8.1 MPa axially (AMEC
2006).
•

The fractured and easily disintegrated nature of the mudstone makes the
collection of laboratory quality samples extremely difficult.

Experienced and

expert care is required to correctly collect samples (Lo et al 2009).
•

Uniaxial compressive strength was found to be between 560 to 1230 kPa, with an
average of 830 kPa (Lo et al 2009).

•

Uniaxial compression test and triaxial test results indicate a modulus of elasticity
between 85 to 184 MPa, with a representative value of 150 MPa (Lo et al 2009).

•

Direct shear test results indicate that the sampled rock has an intact linear MohrCoulomb strength envelope of c’ = 340 kPa and <)>’ - 24°. Thè residual envelope
was found to be c ’r = 0 kPa and <j)’r = 15°. The results of Golder Associates
(2008) results and triaxial tests are consistent with the test results from the GRC
(Lo et al 2009).

•

Swell tests, calcite tests, and salinity tests indicate that swelling is likely an issue
requiring engineering consideration for the Porcupine Hills Formation (Lo et al
2009).

•

Mineralogical tests indicate that kaolinite and illite/smectite are the dominant clay
minerals in the dark mudstone layers. A lack of bentonite clay minerals present in
the samples is an indicator that the horizontal movement mechanism is likely to
be similar to that seen in the Oldman Dam of the Porcupine Hills Formation
(Davachi et al 1996), as opposed to the bentonite dominated movement seen in
the Paskapoo Formation (Chan and Morgenstern 1987).

Given the level of details provided in the borehole logs and the limited number of tests
completed, it should be noted that the conclusions derived from the investigations should
not be applied directly to other sites in the Porcupine Hills Formation. Greater detail of
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rock unit mapping and identification of rock parameters through in-situ and laboratory
testing are required to fully define the formation.

The identification of the shear band layers requires a detailed and thorough site
investigation.

Borehole logs indicated multiple dark layers of weak slickensided

mudstones throughout the site.

Field observations during construction also recorded

several such layers varying in thickness of 0.1 to 0.6 m at multiple locations. These
layers matched several of the prerequisites of shear band movement as determined at the
Oldman Dam site (Davachi et al 1991). However, most of these layers did not cause any
observed horizontal movement.

i*
i<■

Table 2.1.

Results of uniaxial compression tests (Lo et al 2009).
Dimensions

Uniaxial

Modulus

Lx W x H

Compression Strength

[MPa]

[mm]

[MPa]

E,*

E50

UCT 1

43 x 44 x 76

720

138

122

UCT 2

37 x 45 x 69

1070

180

170

UCT 3

50x50x71

570

85

80

UCT 4

42 x 39 x 106

560

135

132

UCT 5

38 x 33 x 67

1230

168

160

Specimen Number

*Et is the initial tangent modulus.

/

N)

Table 2.2.

Results of swell tests (Lo et al 2009).
Semi-Confined Swell Tests
Specimen #
Dimensions L x W x H

Null Swell Tests

SCST 1

SCST 2

NST 1

NST 2

34 x 34 x 34

55 x 57 x 57

39 x 39 x 44

55 x 57 x 51

0.9

1.02

<0.9

<0.9

0.95

1.2

1.06

0.95

0.01

0.01

0.2

0.2

0.24

0.53

N/A

N/A

N/A

N/A

1.25

0.7

[mm]
Calcite Content
[%]
Salinity
[mg/g of rock]
Applied/Seating Pressure
[MPa]
Horizontal Swelling Potential
[%/log cycle]
Horizontal Swell Suppression Pressure
[MPa]
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Figure 2.1.

Geological Map of Southern Alberta (modified from Hamilton et al 1999).
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al 2009
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Figure 2.2.

Comparisons between Davachi et al (1991) and Lo et al (2009) for
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Borehole locations from AMEC Geotechnical site investigations (AMEC
2005 and AMEC 2006).
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GOLDER ASSOCIATES - Calgary Lab

Bay 7, 820 - 28 Street NE

. Golder
Associates

Calgary, AB, T2A6K1

ASTM D 3080-04 Direct Shear Testing of Cohesive Soils in Drained Conditions
Sample Identification

Project #
Client

08-1343-0009
Isherwood

Borehole
Sample

Block
SA4 and SA5

Project
Location

Shear Box
Bow River

Depth

-

Shear Stress

SA1 - 350 kPa ----------- SA2 - 350 kPa
+ Dilation
- Consolidation

Horizontal Displacement (mm)
0

Figure 2.7.
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Direct shear test results from Golder Associates (2008).
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GOLDER ASSOCIATES - Calgary Lab

Bay 7, 820 - 28 Street NE

„ Golder
Associates

Calgary, AB, T2A6K1

ASTM D 3080-04 Direct Shear Testing of Cohesive Soils in Drained Conditions
Sample Identification

Project #
Client

08-1343-0009
Isherwood

Project
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Borehole
Sample
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SA3A and SA3B

Depth

East/West Shear

Shear Stress
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Horizontal Displacement (mm)

Figure 2.8.

Direct shear test results by Golder Associates (2008).
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Multi-stage direct shear test results (Lo et al 2009).
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Figure 2.10. Mohr-Coulomb Failure Criterion from collected test results (Lo et al 2009).
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Figure 2.13. Relationship of swelling potential and calcite content in Canadian shales (Lo
1989 and Lo et al 2009).
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Figure 2.16. Axial point load results (Lo et al 2009 and AMEC 2006).
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Figure 2.17. Diametrical point load results (Lo et al 2009 and AMEC 2006).
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3.0

DESIGNANO CONSTRUCTION

This chapter contains an overview of the project background, pre-construction work, the
design phase and design philosophy, the general construction history, and a detailed look
at mass movements observed during construction.

3.1

The Observational Method in geotechnical engineering

Peck’s Observational Method in applied soil mechanics (1969), developed with the
insight and guidance of Terzaghi, is described in the Ninth Rankine Lecture. Developed
through Terzaghi and Peck’s collected experience, the Observational Method was an
attempt to create a methodology for the design and construction life of geotechnical
projects. The method has clear advantages and limitations, and it is crucial that the use of
the Observational Method follow the requirements set by Peck. In Peck’s 1969 keynote
speech, the complete application of the Observational Method includes:•

•

Exploration sufficient to establish at least the general nature, pattern and
properties of the deposits, but not necessarily in detail.

•

Assessment of the most probable conditions and the most unfavourable
conceivable deviations from these conditions. In this assessment geology
often plays a major role.

•

Establishment of the design based on a working hypothesis of behaviour
anticipated under the most probable conditions.

•

Selection of quantities to be observed as construction proceeds and
calculation of their anticipated values on the basis of the working
hypothesis.

•

Calculation of values of the same quantities under the most unfavourable
conditions compatible with the available data concerning the subsurface
conditions.

•

Selection in advance of a course of action or modification of the design for
every foreseeable significant deviation of the observational findings from
those predicted on the basis of the working hypothesis.

•

Measurements of quantities to be observed and evaluation of actual
conditions.

•

Modification of design to suit actual conditions.

Peck (1969) outlined both the advantages and disadvantages of the Observational
Method. The foremost reason to discard the Observational Method is the inability to alter
the design during the construction phase of the project. The method is also dependent on
the reliable collection of the required amount of accurate data, the analysis and reporting
of the data in a timely manner, the correct interpretation of the data, and the correct use of
the data. Often, the collection of data becomes a goal unto itself, and the major tenants of
the Observation Method, comparison of the data to the hypothesis and the modification of
the design, are ignored.

The two manners which Peck describes the use of the Observational Method is for aiding
in challenges or problems that occur during a project and for incorporating the
Observational Method as a part of the design philosophy of a project in its early stages.
Peck insinuates that the former use is instinctual to an engineer when faced with a
challenging problem, but remarks that the second use is difficult to conduct in practice
but has the greatest potential for aiding in schedule and cost savings.

The use of numerical models can be used in predicting expected responses during
construction and for analyzing the monitoring data received during construction in order
to update the geological model during construction, and has been well documented in
literature. In addition, numerical models can be used to constrain the interpretation of the
monitoring results. Some geological interactions cannot be directly monitored, either due
to the limited physical scope of the instruments or the incapability of the monitoring
devices to capture the driving mechanisms. As such, results from monitoring points can
have multiple interpretations. Numerical models can be used to identify the possible
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geological and geological/structural interactions to aid in the correct interpretation of the
data (Eberhardt 2008).

3.2

Shoring and excavation support design

The shoring system for The Bow was designed by Isherwood Associates and HCM
Contractors Inc. to address the challenges of excavating in Calgary.

Known issues

included: loss of soil from the gravel layers during shoring installation and excavation,
surface subsidence due to loss of fines from groundwater flowing into site, severe
weathering of the mudstone along the excavation face, and large horizontal movement
originally thought to be due to either “high” in-situ stresses or the presence of shear
bands. The Observational Method was used in the design via the aid of 2D plane strain
analysis using geological information available during the design phase.

Predictions

made from the finite difference calculations would be compared to the results of a
monitoring program to ensure the behaviour of the shoring and rock mass.

«
«

*
I

The shoring system was required for an excavation with a footprint of approximately 17
/■«

700 m over two city blocks with an average depth of 20.5 m. Figure 3.1 shows the
excavation outline in relation to important Calgary landmarks. The project site was also
surrounded by several important structures: the PetroCanada Centre to the west, the Telus
building to the north, the Calgary LRT lines and the historically designated 1st Canadian
Legion to the south, as well as utilities and busy streets immediately adjacent to the site.

The shoring design was composed of an anchored continuous secant wall through the soil
layers and toed into the rock, with a protective shotcrete wall below and anchor block
within the bedrock. In total, 279 steel W460X68 or W460X82 piles were installed, and
840 caissons were drilled to a minimum of 3 m into the bedrock. Over 1600 anchors
were installed and pre-stressed, and over 600 m3 of shotcrete were applied to the
excavation face.

lU
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The plan view of the shoring wall outline is given in Figure 3.1, with a typical cross
section shown in Figure 3.2. Figure 3.1 shows the shoring wall outline surrounding the
excavation layout and the proximity to neighbouring buildings and streets.

The

continuous, interlocking caissons played double duty in the design methodology. Their
main purpose was to prevent the ingress of soil and groundwater into the excavation,
which has been a major concern with past excavations in Calgary. The second purpose of
the wall was to add a stiff element that would limit the deflection and deformation of the
soil and structures immediately adjacent to the site. The original design called for each
caisson being drilled 3 m into the bedrock, as shown in the cross section in Figure 3.2, in
order to ensure a complete seal against any loss of soil and water and to ensure enough
vertical resistance for loads placed upon the caissons from the tiebacks. After inspection
of the initial caissons and the rock spoils, it was decided that one of the filler caissons
adjacent to each pile would be extended an additional 2 m into the ground to ensure
sufficient vertical support, as shown in Figure 3.2 and Figure 3.3.

-

I
I

3
The caisson wall was underlain by a shotcrete and anchor wall within the bedrock. In
general, the shotcrete was 100 mm thick, and was not a major structural component. The

3
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main purpose of the shotcrete was to protect the excavated bedrock face from water and
weathering. The bedrock, as reported in AMEC’s geotechnical investigation report and
■

observed on site, would quickly disintegrate to a fine grained material upon excavation,
or regress to mud with the addition of water and mechanical disturbance. To ensure
proper protection of the excavation face, the bedrock was required to be excavated,
shaved, and shotcreted within 24 hours

The anchor system in the bedrock used a similar design theory as anchored shotcrete
walls in soil. The details of the system are shown in Figure 3.2 and Figure 3.3. The cross
section in Figure 3.2 indicates the elevations and extents of the anchors while Figure 3.3
shows the spacing of the anchors.

The purpose of the anchors was to reinforce the

bedrock mass into a stiffer and stronger entity within the influence of the anchors. This
block of bedrock would act as a single unit to resist the lateral pressures created by the
deformation of the bedrock resulting from excavation. An advantage of combining the
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anchors with the shotcrete wall is the flexibility of adding or subtracting the number of
anchors used.

If excessive deformations were observed or poor rock quality was

encountered, the anchor length and/or number of anchors could quickly be increased to
adjust to the site conditions.

The proposed excavation support system was analyzed using Two-dimensional Fast
Lagrangian Analytical Continuum method (FLAC) (Janes 2007). The purpose of the
modeling is to ensure the adequacy of the shoring design based on the known information
and to provide expected deformations to compare with the results of the monitoring
programme. Modeling was completed by Matthew Janes of Isherwood Associates. The
work completed for the pre-construction analysis is not considered to be a part of this
thesis, and will only be briefly summarized in this section for completeness.

The 2D FLAC grid as modeled in the analysis is 105 m wide and 60 m in height with
13,700 discrete elements numbering 137 across and 100 high.

The section modeled

represents the typical geometry as provided in Isherwood Drawings with a depth of 20.5
metres. The grid is non-symmetrical and depicts the final geometry to a distance of 50 m
towards the center of the excavation.

In order to better understand the rock properties an analytical study was completed using
case studies of excavation and shoring in the Calgary area and FLAC analysis. This was
combined with a peer review session to help clarify the known processes and identify
areas that required additional work. The case studies focused on excavations within the
Porcupine Hills and Paskapoo Formation, and included jobs such as the James Short
Parkade, City Parkade, and the Edmonton Convention Centre. The results from these
projects were analyzed with the representative bulk rock properties being back calculated.

Local literature and expertise supported two mechanisms for excavation support
movement in Calgary: elevated in-situ lateral soil stress condition (assuming K„ = 2.0)
and ‘shear band effect’ where localized progressive failure of a weathered mudstone layer
propagated movements. Parametric studies were conducted under a variety of assumed
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soil parameters, in-situ lateral stress conditions and weak layered rock conditions (shear
band conditions at depth). In particular, the scenarios considered included combinations
of either horizontal stresses resulting from either a K0 = 0.6 or a K<, = 2.0 condition, and
the presence or lack of a shear band.

Given the lack of test data or confirmation regarding the strength, stiffness and mode of
movement (internal lateral rock stress and/or shear band effects) of the Porcupine Hills
Formation a parametric analysis was undertaken to explore the proposed geometry and an
assumed range of rock properties and stress conditions.

The results indicated that

movement was unlikely to be caused by either relaxation of high in-situ stresses or shear
band propagation alone. This was confirmed by the presence of numerous excavations
developed deep within the Porcupine Hills formation that did not witness excessive
movements (movements greater than 30 to 40 mm).

However, proximal sites had

witnessed excessive movements ( >75 mm) and thus the risk was present at the Bow,
„

both due to its location and the sheer size, with the excavation along Centre Street up to

!

190 m in length upon completion. The FLAC analysis established that in order to model
0

movements of 75 mm or greater a combination of high internal lateral stress (K<, = 2) and
shear band effects would have to occur simultaneously.

Given the widely different

magnitudes of movements witnessed in Calgary deep excavations it is difficult to predict
HI,

beforehand the expected movements of the surrounding structures.

3.3

Construction and excavation

The construction sequence at The Bow was completed in three main portions: the
excavation of the north block, excavation of 6th Avenue SE, and the excavation of the
south block. Construction began in May 2007 with the drilling of caissons along Centre
Street north of 6th Avenue SE. The excavation was under a tight schedule as 6th Avenue
was required to be excavated 20.5 m and built back up by July 2008 in order for the
Calgary Stampede Parade to use the roadway. Punitive monetary fines would be leveled
against all parties on site for every day past the July deadline.
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Caissons were drilled using a Bauer BH-24H and a Casagrande B250 track mounted
drills. The drills were dual rotary and supported Leffe style sectional casing. The ability
to separately advance the casing in discrete lengths greatly aided in controlling the soil
loss and water ingress while drilling. Upper tiebacks were drilled using a Casagrande M9
track mounted, dual rotary small diameter drill rig, with a bottom hammer bit. In general,
lower tiebacks were drilled using air-track rigs. Air was the common flushing medium
for drilling tiebacks, as it was feared that flushing with water would cause degeneration
of the mudstone and a reduction in anchor adhesion.

3.3.1

North block excavation and movement at the northwest corner

Excavation of the north block began on June 27, 2007. Excavation sequencing followed

installation of the tiebacks, then installation of the face support. No excavation was to
occur below tiebacks until stressing was completed. Originally, a two panel shotcrete
sequence was used until rock quality was determined to be of high enough standards that

advanced several metres more than the excavation along the shoring wall. The complex
nature of the excavation sequences makes it difficult to identify any set rates or patterns
to the excavation.

On September 17, 2007, inclinometer readings along the north wall indicated horizontal
movement at approximate elevation 1021 m. At the time of readings, excavation along
the north wall was at 1038 m, just below the top of rock, with the centre of the north
block being approximately the same elevation. Readings from Inclinometer 3 and 4 from
September 27, 2007 are shown in Figure 3.4, which indicates 2 to 4 mm of movement at
the shear band. This was significant, as the movement was occurring 12 m below the
excavation elevation. To combat the horizontal movement, the spacing of the D-Row
anchors, as shown in Figure 3.3, was increased to 2.1 m centre to centre; equivalent to the
spacing of the piles and C-Row anchors. Further monitoring and FLAC analysis using
the updated information indicated that the required support to stop or greatly hinder the
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strip paneling was allowed. In general, the excavation in the centre of the block was
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the original design staging: exploration berms in stages up to the face, followed by

shear band movement would be uneconomical. The decision was made to progress with
the excavation without further adjustments to the design.

As construction progressed in the north block, large deformations were recorded by the
inclinometers and pile survey targets. Figure 3.5 shows the results from Inclinometer 1
and Inclinometer 3 when the excavation was complete in the north block.

The

deformation due to the weak zone of mudrock is evident in both inclinometers. The
sharp deformation from the shear band effect is clearly visible at elevation 1021 m in
Inclinometer 3.

Table 3.1 shows selected pile survey results from the northwest corner, between piles 264
to 279 and 1 to 14 taken at the same time as the inclinometer readings in Figure 3.5. Two
levels of targets were taken per pile. The results given in Table 3.1 include the survey
points at the top and the bottom of the pile. Figure 3.6 shows the horizontal deformation
magnitudes and directions.

Figure 3.7 shows the vertical movement of the top and

bottom of piles in the northwest corner. No targets were available in the shotcrete below
the pile toe. The maximum top-of-pile vertical and horizontal movement was 30 mm and
the 67 mm, respectively.

Movement was reduced in the lower targets.

Survey

monitoring points indicate that movement in the northwest comer was converging into
site, as expected. The top-of-pile survey results are similar to those observed at the top of
the inclinometers displayed in Figure 3.4. However, the bottom-of-pile targets displayed
smaller magnitudes of movement compared to the inclinometer results. This is expected
as the targets were installed after movement had occurred.

The similar vertical

movement at the toes of the piles implies that the soil and rock mass is deforming
vertically.

It should be noted that some pile targets indicated abnormal movement. Large movement
results, such as a vertical movement of 292 mm upwards was recorded at the top of pile
266. Review of pile monitoring records indicate that such movement is unlikely to be
representative of reality. As such, the results from Piles 266, 277 and 278 have been
removed from this analysis.

The vertical and horizontal movement occurring at the northwest corner likely caused
several observed cracks in the neighbouring road and sidewalk structures. Figure 3.8
shows a large crack in the asphalt of Centre Street at the northwest corner of the site. The
crack runs parallel with the shoring wall at that area. Figure 3.9 shows cracking the
sidewalk of the PetroCanada Centre, to the west of the shoring wall near the northwest
corner. The cracking also runs parallel to the shoring wall.

As the excavation continued south, the parallel cracking in the asphalt of Centre Street
and the sidewalk continued. Minor architectural damage was done to the neighbouring
buildings, as shown in the cracking at the base of a column of the Calgary Chamber of
Commerce building, shown in Figure 3.10.

The horizontal and vertical settlement caused by the shoring wall was likely the driving
force for the cracking observed along Centre Street and in the neighbouring sidewalks.
Chapter 5.0 (Finite Element Analysis) analyzes the settlement caused by the excavation
in greater detail.

After reviewing the magnitude of observed movement within the bedrock, the design
team decided to reduce the lock-in load of the lower anchors (C row to F row) to 60% of
design load. This reduction was to ensure that the anchors would not reach the yield
strain due to the large bedrock deformations.

3.3.2

6lh Avenue excavation and movement at Andrew Davidson building

In December 2007 the emphasis of excavation and construction was moved from the
north block to the 6th Avenue section in order to meet the July 2008 Calgary Stampede
Parade deadline. The street had been closed as of the week of September 10, 2007 with
caissons being installed starting September 17, 2007. Excavation had progressed to some
degree prior to December 2007, but the rate was greatly increased to ensure that the
excavation was completed with enough time for the construction of the structure for 6th
Avenue SE. Figure 3.11 shows the excavation along the shoring wall on the east side of
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the site over time. As per the Figure, the rate of excavation was increased to twice the
normal rate.

This was done by allowing partial stressing of the tiebacks prior to

excavating below the tiebacks. Additional tiebacks were added to ensure stability by
reducing the typical tieback spacing of 3 m to 2.1 m for rows D to G, also shown in
Figure 3.11.

Although the increase excavation rate allowed for the timely construction of the structure
for the road, the resulting movements at the inside corner by the Andrew Davidson
building (Item [4] in Figure 3.1) were significantly greater than anticipated.

Site

inspections the morning of February 26, 2007 revealed the presence of significant
cracking in the caisson wall by Pile 99, and behind the shoring in the vicinity of the
Andrew Davidson building. Photos of the crack running behind the wall and down the
wall at Pile 99 are shown in Figure 3.12, Figure 3.13, and Figure 3.14.

Plan and

elevation sketches of the cracking are shown in Figure 3.15 and Figure 3.16, respectively.

Figure 3.12 shows the view looking north with a crack running north-south.

The

approximately 15 mm wide crack runs to the eastern edge of the caisson of Pile 99.
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Figure 3.13 is a view of the caisson wall looking south at Pile 99. The top of the caisson
wall is just out of site at the top edge of the photo. The large crack is approximately 7
mm wide at the top of the photo, with the concrete for Pile 99 showing approximately 4
mm of visible out-of-site differential movement as compared to the caisson wall east of
the crack. Figure 3.14 is a photo looking south at the caisson wall from Pile 99 to 105 at
the Andrew Davidson building. The Andrew Davidson building is visible in the top left
corner of the photo. The large orange container is the site water settlement tank. The 7
mm crack at Pile 99 is visible at this distance.

The cracks were quickly measured and recorded once observed. Figure 3.15 is a plan
view sketch showing the location of the cracking in relation to the Andrew Davidson
building, the small retaining wall for the building, the site groundwater settlement tank,
and the caisson wall from Pile 99 through to Pile 120. As shown, the cracking originates
from the outside corner at Pile 99 and follows the existing small retaining wall. Several
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smaller cracks parallel to the east shoring face occur in the existing 100 mm thick asphalt
and at the edge of the asphalt. Inclinometer 7, at pile 118, is outside of the zone of
cracking.

Figure 3.16 is a sketch of the shoring wall elevation showing a series of

vertical cracks that generally occur along the connection between caissons. The largest
crack is to the east of Pile 99. It begins at 7 mm wide at the top of the caisson wall and
thins to 3 mm wide where it terminates at the top of the shotcrete. Several other 2 to 3
mm wide cracks displayed similar behaviour.

Twice daily pile target monitoring of the comer began immediately and continued for
approximately two weeks.

Monitoring results from the reading before the observed

cracks (February 8, 2008) to two weeks after (March 8, 2008) are given in Table 3.2.
The resulting movements are displayed visually in Figure 3.15 and Figure 3.16. The
deformations at the top of the pile were captured in their entirety, as the targets had been
installed and initialized prior to the movement. Targets from the E and F row anchor
heads were installed after the large deformations began and do not represent the total
movement. The nearest inclinometers (6 and 7) were not within the zone of influence of
the movement, and could not be used to analyze the extent and behaviour of the
movement. Top of pile targets had not been read in that area for up to two weeks prior to
the observed cracking.

Horizontal movement magnitude and direction are displayed visually in Figure 3.15. The
corner pile, Pile 105, experienced the greatest amount of movement with 33.6 mm. The
movement of the comer is directed towards the northwest. Figure 3.16 shows the vertical
movement measured from the survey targets. The maximum top of pile settlement was
recorded as 26 mm at Pile 106. The vertical movement of the top of piles and the E and
F row anchors are displayed, as well as the estimated location of the weak zone as
derived from Inclinometers 6 and 7. As shown, the movement recorded in the E and F
row anchor heads, located below the weak zone, is significantly less than that of the top
of pile and is similar in magnitude to each other.

It is expected that the movement

recorded from the E and F row of anchors missed some of the total movement, as they
were installed after the observation of the cracking.
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Monitoring points on the Andrew Davidson building indicated negligible movement. As
shown in Figure 3.11, the building was founded within the bedrock and appears to have
been outside the zone of influence for this movement.

The movement and observed cracking are indicative of block movement.

The crack

observed to the east of Pile 99 would indicate that the movement was terminated at a
discrete plane.

Excavation of the 6th Avenue section was completed by March 13, 2008. The excavation
and re-construction of 6th Avenue was completed on time for the July 2008 Calgary
Stampede Parade without any further issues.

3.3.3

South block excavation and movement at the 1st Canadian Legion

The excavation of the south block progressed through 2008 until its completion in
November.

In general, the excavation and shoring system installation progressed in

accordance with the design requirements. The only significant observed issue occurred at
the 1st Canadian Legion during excavation below the bedrock.

The Royal Canadian Legion No. 1 Branch (1st Canadian Legion) is a two storey brick
building designated as an historical site by Alberta Heritage in 1982. Construction of the
building was completed in 1922 and it has been servicing the needs of Canadian veterans
and the community since (Alberta Culture and Community Spirit 2005).

During excavation and shoring construction, the Legion experienced a significant amount
of settlement. Possible reasons for the movement are: loss of fines from a burst water
main under the neighbouring building, poor rock conditions under the building, proximity
of the building to the shoring wall, and the presence of a shear band and weak zone under
the building. This section will cover each of the possible contributing factors and outline
the movements observed at the Royal Canadian Legion No. 1 Branch.

During the week of July 21, 2008, an excess amount of water was observed to be leaking
from the B row anchors. This flow continued for multiple days prior to the source being
identified.

The excess water was discovered to be originating from a burst pipe

underneath the Regis Hotel next door to the 1st Canadian Legion. The broken watermain
was fixed, but not before a three to four day period of heavy water movement through the
soil. No testing of the groundwater was done for particulate materials, but it is highly
suspected by the design and construction team that fines in the soil had been eroded,
causing voids under the 1st Canadian Legion and the Regis hotel. A second leak occurred
but was quickly fixed.

Drill logs were kept for each of the king and filler piles, including the top of rock
elevation. As shown in Figure 3.17, the top of rock is up to 3.2 m deeper than expected.
Furthermore, tieback testing records for the uppermost anchors suggest adhesion in the
area is significantly lower than observed for the rest of the site. Multiple anchors in the
area, including A130, A131, A133, and A134 severely under performed during proof
testing. Ultimate loads for these anchors ranged between 30 and 80% of design load (630
kN). Figure 3.17 also indicates the performance of the A and B row anchors. Circled
anchors indicate anchors that did not perform to design standards, with the recorded
maximum percentage of achieved load labeled beside them. Also shown in the Figure
are the additional anchors added to Pile 130 and 133. The generally poor performance of
the anchors in the vicinity of the 1st Canadian Legion indicate that the uppermost portion
of the shale bedrock is significantly more weathered than previously experienced on site.

Two inclinometers were installed adjacent to the 1st Canadian Legion. Inclinometer 8
was installed at Pile 135 to the north of the Legion. Inclinometer 9 was installed at Pile
153 to the west of the Legion.

Pile 8 was damaged in July 2008 during tieback

installation. The last readings were taken July 1, 2008. Inclinometer 9 remained in use
for the duration of the project. The final readings for each and the date of readings are
given in Figure 3.18. Both inclinometers show movement due to a weak zone between
elevation 1033 and 1036 m, centred at approximately 1034.5 m. Given the similarity in
elevation of the weak zone bulge, it can be assumed that a weak mudstone layer underlay
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the Legion. Further, before being destroyed, Inclinometer 8 indicated that a shear band
was located under the building at elevation 1028.75 m and was daylighted during
excavation. This likely resulted in larger movements along the discontinuity than seen in
the north or south walls. The reading displayed in Figure 3.18 for Inclinometer 9 was
taken at the completion of excavation. As shown, the weak zone had caused up to 58 mm
of movement into site. Given the results of rock properties completed by the GRC, as
discussed in the Geology chapter, such large horizontal movements would suggest
vertical deformations would occur as well. Vertical movement caused by the general
excavation is analyzed in the Finite Element Analysis chapter. Although this analysis
considered 2D plane strain movement, it still calculated that up to 7 mm of settlement
would be caused by the combination of shear band and weak zones. Given the 3D nature
of movement around the 1st Canadian Legion and the observed reduction in rock
competency, such vertical settlement is expected to be greater than calculated as
highlighed by the vertical pile movement of up to 89 mm of settlement at pile 142.
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In May 2008, the General Contractor was made aware of cracking at the Royal Canadian
t

Legion Branch No. 1. An initial analysis of the available monitoring and additional
FLAC analysis by Isherwood Associates resulted in the increase in anchors in the area, in
accordance with the Observational Method.

Excavation continued with inclinometer

t
il

readings being reported on a regular basis. However, some issues arose with the timely
reporting of precision of top of pile targets. On July 28, 2008, the general contractor was
informed by the owners of the 1st Legion of greatly increased cracking. Photos of the
cracks are given in Figure 3.19 to Figure 3.22. The photo in Figure 3.19 shows 2 to 7
mm wide cracks extending from the corner of a basement window in the outside concrete
block wall on the west side of the building. Figure 3.20 is a photo of 10 to 15 mm wide
cracks extending from a basement window on the west side of the 1st Canadian Legion.
Figure 3.21 is a photo taken in the basement of the 1st Canadian Legion showing the
cracking in the concrete and drywall walls.

Temporary jacks were placed under the

support beam by the 1st Canadian Legion. The photo in Figure 3.22 shows cracks formed
in the north basement concrete block wall around the exhaust vent for the boiler.
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The excavation extents at the time of observed excessive cracking are shown in Figure
3.23. As shown in Figure 3.23, the excavation was at approximate elevation 1029.5 m
and installation of the shotcrete and F row anchors to the north of the Legion was
underway. Also shown is the excess amount of water coming from the B Row anchors,
as previously discussed. In response to the cracking, target monitoring frequency was
increased to daily for the remainder of active excavation adjacent to the building.
Additional anchors were installed around the comer to help create a stronger block of soil
and rock to resist movement. Line drilling occurred adjacent to the shoring to ensure that
no excessive vibrations affected the building foundation. As well as line drilling, all
excavation was to follow a 2 panel excavation and shoring installations sequence.
Strapping was increased between piles 137 to 149 to increase vertical resistance of the
piles at the comer. The strapping and panel sequence are shown in Figure 3.24. Figure
3.24 also shows the two panel excavation sequence for the final portions of the shoring
installation.

—

Excavation issues also likely played an issue in the observed settlement.

During

excavation at approximate elevation 1030 m a thick and hard sandstone layer was
encountered at the south shoring wall by the Legion. The observed sandstone layer is in
accordance with the borehole logs for BH06-07, several metres north of the shoring wall.
Initially, this layer was being broken up and excavated via hoe ram, causing significant
vibration.

Vibration monitoring was not completed during the hoe ramming.

Once

significant cracking was observed in late July, at the time of ramming, the excavation
method was switched to line drilling to reduce the vibrations.

Settlement of the Legion was exacerbated due to the proximity and location of the
building footings.

Unlike the Andrew Davidson building, which was several metres

away from the shoring wall and founded on rock, the Legion was located only 1 m away
from the shoring and was composed of concrete strip footings founded on the gravel and
cobbles.

The combination of the prolonged excessive drainage due to the broken

watermain, the location of weathered rock, and the movement caused by the weak zone
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and shear band, would have contributed to the excessive horizontal and vertical
displacements.

Total movement over the course of the excavation is given in Table 3.3.

Horizontal

movements are shown in Figure 3.25 and vertical movements are shown in Figure 3.26.
By the end of excavation, the top of piles had moved up to 110 mm out of site, and
settled up to 89 mm. As with the movement observed at the corner near the Andrew
Davidson building, the direction of movement was towards the centre of the excavation.

3.4

Summary and conclusions

The excavation for The Bow, EnCana office complex was successfully completed
between May 2007 and November 2008. The final footprint of 17 700 m2 was shored to
the design depth of 20.5 m and, in general, performed to the design requirements. The
Observational

Method

using

precision

target

monitoring,

inclinometers,

and

extensometers was successfully used to observe the behaviour of the shoring.

The

monitoring programme allowed for the timely review and adjustment of the design to
control shoring and neighbouring structure movements within economical limits.

Several major movements were captured by the monitoring and responded to over the
duration of the projects. These include the shear band movement at the north wall, the
movement near the Andrew Davidson building, and the movement at the Royal Canadian
Legion Branch No. 1. From the field and monitoring reports, several conclusions can be
made about the observed movements.•

•

The shear band movement that occurred could not be economically controlled.
The extent of the movement is dealt with in detail in the following chapter,
Monitoring Programme. Numerical analysis of the movement is provided in the
Finite Element Analysis chapter (Chapter 5.0).

•

The mass movements observed at the northwest corner, the Andrew Davidson
building, and the 1st Canadian Legion displayed similar pile and shoring wall
deformations, and resulted in settlement and cracking of neighbouring ground and
structures.

•

Rock deformations appear to be a significant contributor to the deformations
observed, with initial observations indicating that larger than usual deformation in
the weak mudstone zone is of particular importance.

•

The maximum horizontal movement of the shoring wall in the northwest comer
was 67 mm S83W at Pile 165. The maximum settlement observed was 29 mm at
Pile 167.

•

The maximum horizontal movement of the shoring near the Andrew Davidson
building was 34 mm N30W at Pile 107. The maximum settlement was 26 mm at
Pile 106.

•

The maximum horizontal movement of the shoring at the 15,1Canadian Legion was
110 mm N56W at Pile 141. The maximum settlement was 89 mm at the same
pile.

The movements discussed in this chapter are considered to be due to a combination of insitu stress, excavation sequences, existence of the weak mudstone and shear band layer,
and 3D geometry.

The use of the Observational Method and influence of additional

support was successful in controlling the movements to the extent the project was
completed without incident.

Table 3.1.

Vertical and horizontal survey monitoring results for northwest comer.

T arget

R eadings from M a rch 7 2008

S ettlem ent

N o rth in g

E asting

V ertical

[m m]

[m m ]

[mm]

T op 264

-8

63

T op 265

-8

67

T op 266

-8

T op 267

-12

T o p 271

H orizontal

D irection

D isplacem ent
[m m]

[m m]

[degrees]

-30

30

64

S 83E

-27

27

67

S 83E

59

-27

27

60

S82E

58

-29

29

59

S78E

-9

45

-18

18

46

S79E

T o p 272

-22

45

-25

25

50

S64E

T o p 273

-20

46

-25

25

50

S67E

T op 274

-16

43

-26

26

46

S70E

T op 275

-11

32

-16

16

34

S 71E

T op 276

-10

29

-16

16

31

S 71E

T op 277

-14

20

-10

10

24

S 55E

T op 278

-13

20

-13

13

24

S57E

B ottom 264

-1

58

-17

17

58

S89E

B o tto m 265

0

53

-18

18

53

E

B ottom 268

-3

49

-16

16

49

S86E

B o tto m 269

-5

50

-15

15

50

S84E

B ottom 271

-3

45

-13

13

45

S86E

B o tto m 272

-1

40

-11

11

40

S89E

B o tto m 273

-3

40

-13

13

40

S 86E

B o tto m 274

-3

37

-12

12

37

S 85E

B ottom 275

-5

32

-10

io

32

S 81E

B o tto m 276

-6

29

-11

11

30

S78E

B o tto m 279

-7

20

-4

4

21

S71E

Table 3.1. Continued.
Target

Top 1
Top 2
Top 3
Top 4
Top 5
Top 6
Top 7
Top 8
Top 9
Top 10
Top 11
Top 12
Top 13
Top 14
Bottom 2
Bottom 4
Bottom 7
Bottom 8
Bottom 9
Bottom 10
Bottom 11
Bottom 12
Bottom 13
Bottom 14

Northing
[mm]
-15
-16
-21
-21
-25
-27
-31
-30
-34
-34
-34
-34
-36
-37
-17
-26
-30
-32
-33
-30
-33
-35
-37
-38

Readings from March 7 2008
Easting
Vertical
[mm]
[mm]
-8
13
-8
7
-8
6
-11
4
-10
6
2
-10
-11
3
4
-10
-10
3
-10
3
2
-10
-9
2
10
2
-9
7
-6
7
7
-8
-9
5
6
-8
-6
7
6
-7
5
-7
6
-3
0
-10
4
-8

Settlement
[mm]
8
8
8
11
10
10
11
10
10
10
10
9
10
9
6
8
9
8
6
7
7
< 3
10
8

Horizontal
Displacement
[mm]
20
17
22
21
26
27
31
30
34
34
34
34
36
38
18
27
30
33
34
31
33
36
37
38

Direction
[degrees]
S41E
S24E
S16E
S11E
S13E
S6E
S6E
S8E
S5E
S5E
S3E
S3E
S3E
S11E
S27E
S13E
S9E
SHE
S12E
SHE
S9E
S10E
S
S6E

Table 3.2.
Target

Pile 99
Pile 100
Pile 101
Pile 102
Pile 103
Pile 104
Pile 105
Pile 106
Pile 107
Pile 108
E69
E70
E71
E72
E72A
E73
E74
E75
E76
E77
F69
F70
F71
F72
F72A
F72B
F73

Recorded movement at the Andrew Davidson building
Readings from March 8, 2008
Readings from February 8, 2008
Northing
Northing
Vertical
Easting
Vertical
Easting
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
14
-32
-9
6
-10
-16
23
-33
9
-9
-19
-15
24
-11
-39
12
-20
-19
22
-42
-13
11
-23
-17
-41
-10
26
14
-24
-13
-43
-15
27
-31
15
-14
25
-43
-34
8
-10
-14
21
-46
-34
4
-17
-8
21
-49
-32
2
-19
-8
21
1
-50
-31
-22
-8
0
-8
-1
N/A
N/A
N/A
1
-7
-3
N/A
N/A
N/A
2
-7
-2
N/A
N/A
N/A
2
-7
-4
N/A
N/A
N/A
1
-4
N/A
N/A
N/A
-3
N/A
N/A
N/A
3
-3
-6
2
-2
N/A
N/A
N/A
-3
-6
N/A
N/A
N/A
0
-3
1
-1
-2
N/A
N/A
N/A
-2
N/A
N/A
N/A
-1
-3
N/A
N/A
3
-1
-2
N/A
-11
N/A
N/A
N/A
5
-6
N/A
N/A
4
-2
1 -3
N/A
1
N/A
N/A
N/A
0
-7
4
-4
-4
N/A
N/A
N/A
0
N/A
N/A
0
0
N/A
-5
N/A
N/A
N/A
3
-2

Vertical
Settlement
[mm]
1
10
9
10
14
16
24
26
24
23
1
3
2
4
4
6
3
6
2
2
2
11
3
1
4
0
5

Horizontal
Displacement
[mm]
18
23
23
27
31
31
34
34
36
34
8
7
7
7
3
4
3
3
1
3
3
8
5
7
6
0
4

Direction
[degrees]
N27W
N38W
N31W
N24W
N23W
N22W
N30W
N30W
N32W
N36W
W
N8W
N16W
N16W
N18W
N45W
N48W
N2W
N45W
S72W
N72W
N40W
N63W
W
N45W
N/A
N56W

Table 3.3.
Pile

Top-of-pile movement at the end of excavation surrounding the Royal Canadian Legion Branch No. 1.
Readings from January 8,2009
Vertical
Horizontal
Northing
Easting
Vertical
Settlement
Displacement
[mm]
[mm]
[mm]
[mm]
[mm]
132
-35
53
-36
64
35
133
64
-39
-33
39
72
134
-43
73
-39
43
83
135
-53
78
-39
53
87
136
-54
-44
54
83
94
137
-62
88
-48
62
100
138
-68
92
68
-49
104
139
-76
76
93
-53
107
140
92
-83
83
-58
109
141
-88
91
-61
88
110
142
88
-64
-89
89
109
-12
145*
7
12
-20
21
146*
8
-15
15
-23
24
147
-83
49
-88
83
101
148
48
-88
-80
80
100
149
-78
49
-83
78
96
150
54
-81
-64
64
97
152
38
-75
-60
60
84
34
153
-72
-51
51
80
154
31
-47
47
-65
72
155
27
-65
-44
44
70
^Targets at Pile 145 and 146 were not initiated prior to movement and do not represent the total deformation.

Direction
[degrees]
N56W
N63W
N62W
N63W
N62W
N61W
N62W
N60W
N58W
N56W
N54W
N19W
N19W
N29W
N29W
N31W
N34W
N27W
N25W
N25W
N23W
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Figure 3.1.

Site location showing the proximity of the PetroCanada Centre (1), Telus
Centre (2), historic 1st Canadian Legion (3), Andrew Davidson building (4),
neighbouring streets with the Calgary LRT on 7th Avenue SE (Google
Maps 2010).

Figure 3.2.

Typical cross section (Isherwood Associates 2007).
as
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Figure 3.3.

Typical elevation (Isherwood Associates 2007).
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Figure 3.4.

Inclinometer 4

Inclinometer 3 and 4 showing initial shear band movement.
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Inclinometer readings from the north block showing movement due to a
zone o f weak mudstone and shear band.
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Vertical movement at top and bottom of pile at the northwest comer.
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Figure 3.9.

Cracking in sidewalk at PetroCanada Centre to the west of the excavation.
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Crack in column granite
architectural panel

Crack runs parallel to
shoring wall

Figure 3.10. Cracks at Calgary Chamber of Commerce.
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Figure 3.11. Excavation sequence at Andrew Davidson Building (Isherwood Associates 2007).
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Figure 3.12. Surface crack behind Pile 99
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Figure 3.13. Vertical crack in caisson wall at Pile 99.
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Figure 3.15. Horizontal movement of shoring at Andrew Davidson building (modified
from Isherwood Associates 2007).
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Figure 3.16. Vertical movement at the Andrew Davidson building (modified from
Isherwood Associates 2007).

Figure 3.17. Top of rock recorded at the south shoring wall adjacent to the 1st Canadian Legion (modified from Isherwood Associates
2007).
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Figure 3.18. Readings from Inclinometers 8 and 9 at the 1st Canadian Legion.

Figure 3.19. Cracking on the west wall of the 1st Canadian Legion.
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Figure 3.20. Cracking observed above a ground floor window of 1st Canadian Legion.

Figure 3.21. Cracking observed inside the 1st Canadian Legion.

Figure 3.22. Cracking observed inside the 1st Canadian Legion.
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Figure 3.23. Excavation at time of increased Legion cracking (July 24. 2008).
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Figure 3.24. Excavation at the Legion on August 19, 2010.
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Figure 3.25. Horizontal movement observed at the 1st Canadian Legion (modified from
Isherwood Associates 2007).

Figure 3.26. Vertical movement of the top of piles at the 1st Canadian Legion (modified from Isherwood Associates 2007).
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4.0

MONITORING PROGRAMME

This chapter contains the analysis of the monitoring programme results. It concentrates
on the inclinometer and extensometer results taken from the north, east, and south walls.
The monitoring programme effectively measured the types, magnitudes, direction, and
rates of movement that occurred within the soil and bedrock during excavation at The
Bow.

The inclinometer results successfully identified the sources of large horizontal

movements within the Porcupine Hills Formation.

4.1

Monitoring programme components

The monitoring programme implemented at The Bow project involved a combination of
12 inclinometers, 6 extensometers, and precision target monitoring of the shoring wall
and neighbouring structures.

The monitoring programme for The Bow’s excavation

support system was designed to ensure the full and redundant observation of the shoring
wall and rock movement. Monitoring instruments were clustered at locations chosen to
best reflect the behaviour of the wall face at critical sections of the excavation.

4.1.1

Inclinometer monitoring

Inclinometer monitoring was completed by HCM Contractors of Calgary, Alberta, with
the aid of Monir Precision Monitoring of Mississauga, Ontario. The instruments used
were Digitilt Inclinometer Probes produced by Slope Indicator Inc.

Each inclinometer

reading was completed in 2 foot intervals in accordance with the required practice for the
device, with data collected in a data logger. Quality control was completed by measuring
the major axis twice and comparing the results. If there was more than 1 mm difference,
the inclinometer was read again. If results were adequate, the first reading was kept for
analysis purposes. The probe automatically collected changes in rotation about the main
axis (A) and the perpendicular axis (B).
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During active excavation inclinometers were read weekly to observe the horizontal
movement profile in the vertical plane of the shoring face, both in the wall and well into
the rock below. In general, the inclinometers were installed to a depth of 10 m below the
final excavation to ensure any deep seated movements were captured. Inclinometer 2
was the exception and only reached a depth of 20.4 m (the length of the pile to which it
was attached). Results from this inclinometer indicate that it was not deep enough to
capture the total movement and is not analyzed in detail in this thesis.

Both the A and B axes of the inclinometers were recorded. This information can be
combined with the direction of the axes to provide full movement vector profile of the
excavation at the inclinometer locations. The raw data from the inclinometer containing
the A and B axis readings were analyzed by the GRC and the author to determine the
total deflections and magnitudes for each inclinometer

4.1.2

Extensometer monitoring

Extensometers were also installed at 6 locations across the site.

The 25 m SMART

(Stretch Measurement to Assess Reinforcement Tension) MPBX, produced by Mine
Design Technologies Inc., were composed of 6 potentiometers that measure the relative
movement of the rock mass with respect to the excavation face. The purpose of these
instruments was to measure the distribution and magnitude of rock movement beyond the
face of excavation. Generally placed just below the bedrock surface, the extensometers
were installed at 7 degrees to horizontal and encased in a special grout mix that would
achieve strengths as close to the natural rock as possible.

The location of the

extensometers is shown in Figure 4.1, and the installation details are given in Table 4.1.

The location and orientation of the extensometers ensured that the maximum amount of
rock expansion was recorded, while the weak grout mix prevented the extensometer from
creating a stiff column within the rock and giving falsely low readings. Readings from
Extensometer 6 were not included in the analysis, as there were record keeping issues
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involved with the data. Combined with the target monitoring and inclinometer readings,
the extensometers presented a profile of the rock expansion beyond the shoring wall.

4.1.3

Precision monitoring

Precision monitoring was completed by Challenger Geomatics. The survey program used
flexible plastic monitoring points glued to the required targets. The survey equipment
and practices were not available for this thesis.

Precision target survey was conducted at desired locations on the shoring and
surrounding structures with a general accuracy of within 5 mm. At the Bow, survey
targets were chosen for the shoring wall, at the top and bottom of each pile and at lower
anchor rows. The top and bottom of pile targets provided early indication of the caisson
wall behaviour and confirmed movement readings of the other instruments. In general,
targets on the shoring wall were reported weekly during active excavation. Targets on
the surrounding structures were reported monthly.

Survey points included the top of every pile and in general, the bottom of every pile. As
prescribed location, the anchor plates were also monitored. Such locations include the
corner near the Andrew Davidson Building and near the 1st Canadian Legion.
Monitoring points were also installed and initialized on surrounding structures. These
structures included:
•

The PetroCanada Centre,

•

The Telus building,

•

The Regis Hotel,

•

The 1st Canadian Legion,

•

The Calgary Chamber of Commerce Building,

•

The C-Train tracks (Calgary’s LRT system),

•

Other surrounding buildings.
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Unfortunately, the structure targets were never properly identified, and only general
conclusions can be drawn from the results.

4.2

Monitoring programme results

The monitoring programme, specifically the inclinometers and extensometers, was used
in accordance with the Observational Method (Peck 1969).

Major soil and rock

movements were recorded by the inclinometers and the results were presented in time to
pro-actively deal with any issues. Some reading and reporting schedule issues occurred
with the pile target monitoring, as discussed in the Design and Construction chapter.
This section will concentrate on the results of the inclinometers, extensometers, and some
precision target monitoring points to detail the behaviour of the soil, rock, and shoring
systems during excavation.

During the excavation for The Bow, inclinometer readings were used extensively to
interpret the behaviour of the shoring system and the soil and rock mass. As discussed in
Section 3.2 (Shoring and excavation support design), the major geotechnical concerns
during the design phase were large horizontal movements due to either a shear band
effect or elevated in-situ stresses.

Results from inclinometer monitoring successfully

identified the major contributors of horizontal movement at The Bow site as a weak layer
of mudstone (weak zone), and the shear band effect (shear band). An example of the
movement observed from these two phenomena is given in Figure 4.2, showing results
from Inclinometer 3 at the end of excavation at The Bow.

As shown, there is a

significant bulge of movement between elevation 1028 and 1034 m, representing the
effect of the weak zone.

The sharp increase in horizontal movement over 1.2 m at

elevation 1021 m is the effect caused by the shear band. The geotechnical aspects of the
weak zone and shear band are discussed in Chapter 2.0 (Geotechnical Investigation). The
effect of in-situ stress as a driving force in the magnitude of observed movements is
given in Chapter 5.0 (Finite Element Analysis).
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4.2.1

Inclinometer results

The inclinometers were a valuable tool during the construction and excavation at The
Bow project, and were used to record the total movement vector at each inclinometer
location. Figure 4.3 shows the amount and direction of maximum movement for each
inclinometer along the site. Figure 4.3 also indicates the elevation at which the maximum
movement occurs, which corresponds to elevation for each of the weak zones of rock.
The vectors of prominent movement are all in-to-site, but do not show any pattern or
indication of preferential movement.

This is likely caused by the irregular and

complicated unloading sequence from excavation, as mentioned in the Design and
Construction chapter, and may not accurately reflect the directions of principal in-situ
stresses. However, the magnitude of movement does reflect the presence of elevated insitu stress, as will be shown in the Finite Element Analysis chapter.

The results of the inclinometer readings are summarized in Figure 4.4. Each reading in
Figure 4.4 represents the final reading that was taken. For most inclinometers, this was
well after the end of excavation in November 2008. Inclinometer 1 was installed after
excavation began within the inclinometer’s zone of influence. The final magnitude of
movement presented does not represent the total movement.

The installation of

Inclinometer 2 was well above the shear band and did not capture the total movement.
As such, it is not included in the analysis. For Inclinometer 8, the final reading was July
3, 2008, as the inclinometer was damaged during tieback installation shortly after the last
reading.

4.2.1.1

Shear band movement

The shear band effect was observed to occur at several locations during excavation
including the north wall, at the 1st Canadian Legion, at the south wall, and various small
shear bands along several inclinometers on the west wall. This section will concentrate
on the results from the north wall with the readings from Inclinometers 3 and 4, the
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results from Inclinometer 8 at the l sl Canadian Legion, and from the south wall with
Inclinometer 10.

Inclinometer results, verified by the precision monitoring, indicated that the shear band
movement was a major driving mechanism for large horizontal deformations in the rock.
This was observed along the north wall and the northwest corner of site, where the total
movement ranged from 60 to 70 mm into site by the time of build-out. Results from
Inclinometers 3 and Inclinometer 4 are shown in Figure 4.5 and Figure 4.6, respectively.
The Figures show the increase in movement over the progression of the excavation. The
final reading shows the deformation due to unloading after excavation. The extent of the
excavation at the time each reading was taken is shown in the Figures as the short
horizontal lines with hatching below. Of the observed movement along the north wall,
the shear band is responsible for 42% (Inclinometer 4) to 71 % (Inclinometer 3). Prior to
being damaged, Inclinometer 8 (Figure 4.7) indicated that the shear band caused 42% of
the horizontal movement. Records from Inclinometer 10 indicate that the shear band is
responsible for 47% of the final horizontal movement as shown in Figure 4.8.

Readings from the north wall inclinometers indicated that the shear band movement
began shortly after the excavation started in the bedrock. Inclinometers 3 and 4 indicated
that a shear band formed at elevation 1021 m, which is 4 m below the proposed final
grade.

Figure 4.9 shows the movement of the shear band relative to the excavation

elevation at the face of the shoring over the construction period. The graph indicates that
the shear band at the north face began forming shortly after excavation to the bedrock
occurred, and that movement rates accelerated with bench development and dissipated
after excavation was completed. A remarkable observation is that the shear band began
moving despite the excavation elevation at the face of shoring being 12 to 15 metres
above it (Lardner et al 2008). Undoubtedly, this movement would have been affected by
the excavation in the centre of the north block that preceded the excavation at the face, as
described in the Design and Construction chapter. However, considering the volume of
berm in front of the shoring, this observed behaviour is still indicative of the sensitivity of
the shear band.
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A similar plot was prepared for the south wall, where Inclinometer 10 indicated shear
band behaviour as compared to the north wall. As shown in Figure 4.10, the rate of
excavation between August 7, 2008 (day 221) and November 17, 2008 (day 323) was
significantly higher than the north wall excavation. The south wall was used as the ramp
for the majority of the excavation period, and its relatively faster removal explains the
increased rate of excavation at the excavation face. As a result, the shear band movement
observed occurs at a larger rate than the north wall. The shear band at Inclinometer 10
occurred at approximate elevation 1025 m, just below the final excavation elevation.
This could account for the pronounced increase in movement as the excavation neared
completion.

4.2.1.2

Weak mudrock zone movement

The most wide spread movement phenomenon observed at The Bow was bulging from a
weak rock zone.

The zone of weak rock had been identified by Lo et al (2009) by

plotting the axial and diametric point load tests over the elevation of the boreholes, as
described in the Site Geology chapter. In addition, the seismic survey also noticed a
significant reduction in shear velocity in Borehole BH06-04 that corresponded with the
identified weak layer.

The effect of the mudstone layer became prominent when

observed via the inclinometers. Figure 4.5 through to Figure 4.8 show the weak zone
movement in inclinometers that also displayed shear band movement. This section will
use the information from those inclinometers, as well as Inclinometers 5 and 6, as shown
in Figure 4.11 and Figure 4.12, respectively.

As observed in all inclinometers, the weak zone causes a bulging at the excavation face.
The relative slope of the bulging ranges from a gradual curve, as shown in Inclinometer
6 (Figure 4.12), to sharp changes in deflection, as shown in Inclinometer 8 (Figure 4.7).
A comparison of Inclinometers 3 and 4 (Figure 4.5 and Figure 4.6, respectively) to
Inclinometers 5 and 6 (Figure 4.11 and Figure 4.12, respectively) indicate similar shapes
of the weak zone curve (Lardner et al 2010). However, the total movements observed
due solely to weak band movement is different.

Figure 4.13 shows the movement
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attributed to weak zone movement for Inclinometers 3, 4, and 5. These inclinometers
were chosen as they were affected by the same excavation extents for the majority of the
construction period. Figure 4.13 shows the maximum movement of the weak zones and
the excavation at the face of the shoring over the excavation period.

The elevations

chosen for each inclinometer are indicated on the figure and were chosen based upon the
maximum portion due to the weak zone bulge. The magnitude of deformations is given
on the left vertical axis, while the depth of the excavation in metres is given on the right
vertical axis. The top of rock is indicated by the horizontal line at a depth of 8 metres.
The weak zone movement displayed in Figure 4.13 is limited only to the movement the
author believes is attributed to the weaker rock layers.

As such, the movement for

Inclinometers 3 and 4 is taken as the maximum displayed from the bulge minus the
movement due to the shear band effect. For Inclinometer 5, the movement is taken as the
maximum movement observed at the bulge minus the movement at the beginning of the
bulge.

From Figure 4.11, Reading 30, this would be equivalent from the maximum

movement at elevation 1031.2 m (38.4 mm) and subtracting the movement from
elevation 1025.3 m (13.8 mm).

From Figure 4.13, it appears that the magnitude of the weak zone movement was greater
when no shear band was present and that the behaviour of all weak zones was similar. In
all analyzed weak zones, as well as those shown in Figure 4.13, the movement increases
greatly after the softer rock layers have been daylighted.

4.2.1.3

Movement rates

The movement observed during construction was analyzed for the rates to determine if
trends could be identified. The maximum movement at the North, East, and South walls
has been plotted in Figure 4.14 to Figure 4.16, respectively.

In all cases, the total

movement observed at the peak of the weak zone bulge is shown. The respective depths
of the maximum movement for all inclinometers are given in the legend.
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The north and east wall plots shown in Figure 4.14 and Figure 4.15, respectively, indicate
similar movement rates over time. More importantly, the movement is broken into two
distinct trends. The first is during and slightly after excavation, and the second is creep
occurring after excavation.
behaviour.
mm/day.

The movement during excavation is roughly linear in

In addition, the movement rates range between 0.272 mm/day and 0.357
This would indicate that the excavation rates affected the inclinometers in

roughly the same manner, and that the rock properties were consistent over that portion
of the construction site. The initial movement is representative of the deformation due to
unloading. This movement is used to calibrate and analysis the bedrock deformations in
the Finite Element Chapter.

The observed creep rates differ between the north and east walls and are representative of
the swelling potential described in Chapter 2. Average creep rates were 0.036 mm/day
on the north wall and 0.014 mm/day on the east wall. At the moment, there is not enough
information on the bedrock to determine why the rates differ.

The likely cause is

geometric effects on the redistribution of in-situ stresses.

The results form the south wall inclinometer, as shown in Figure 4.16, indicates increased
rates of relaxation during excavation and creep. The rate of excavation along the south
wall averaged 0.8 m/week (Figure 4.10) as compared to the average excavation rate of
0.6 m/week along the north wall (Figure 4.9). Since the construction ramp was located
predominantly along the south wall, the mass excavation in front of the ramp followed by
the quick removal of the ramp likely resulted in higher than normal rates of relaxation.
The creep rates were also higher than those analyzed on the north and east walls.

The

available data after construction may not cover a significant amount of time to capture the
true creep rate

4.2.2

Extensometer results

Six extensometers were installed and read during the excavation for The Bow.
summary of the extensometer results are given in Figure 4.17.

A

The results given in
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Figure 4.17 generally indicate the final recorded movement at the end of the project
excavation construction. Most extensometers were installed approximately 2 m below
the top of rock. Extensometer 3 is not considered in this analysis. It is suspected that
installation errors with the specialized grout mix resulted in inadequate adhesion of the
extensometer to the rock, resulting in low recorded movements. Extensometer 6 was
installed under the Royal Canadian Legion No. 1 Branch, but was only read twice. In
addition, there are reporting issues with Extensometer 6. As such, the results are not
included in this analysis. This section will concentrate on the results from the north and
east walls (Extensometers 3 and 5) to augment the findings from the inclinometers.

Extensometer 1 was installed on October 25, 2007 and readings were taken until May 29,
2008.

The results of the readings are shown in Figure 4.18.

The time period of

observations captured a significant amount of excavation and subsequent relaxation. The
extensometer was installed at elevation 1034.75 m, approximately 5 metres below the top
of bedrock. The increased depth of installation is due to the decision to install a second
extensometer on the north wall after the results of Extensometer 3 indicated that it was
not capturing the total movement.

Extensometer 1 readings indicate that movement occurred past the reach of the
extensometer, as shown by the non-zero slope of the readings at 25 m. The extensometer
was installed within the weak rock zone, and above the shear band. Although much of
the total deformation was missed due to relaxation occurring well before installation, the
zone of influence of the shear band can be commented on.

As the slope of the

extensometer does not flatten out prior to the final reading point, it can be interpreted that
the zone of influence of the shear band deformation is greater than 25 m from the face of
shoring (Lardner et al 2010). Chapter 5.0 covers this issue in greater detail.

Extensometer 5 was installed on December 12, 2008 at elevation 1036 m. The movement
observed from this extensometer indicated that the deformation of the rock mass past the
face of shoring was significantly less than observed on the north wall. The extensometer
was installed earlier in the stage of excavation and should have captured a larger portion
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of the total deformation. However, the maximum movement observed at Extensometer 5
was 9.4 mm, compared to the 22.9 mm observed at Extensometer 1.

In addition,

Extensometer 5 readings indicate that the zone of influence of the excavation is within 15
to 20 m from the excavation face at the elevation of the extensometer.

Analysis of the extensometer results will be presented in Chapter 5 - Finite Element
Analysis.

4.2.3

Base heave monitoring

The precision target monitoring was analyzed to analyze the base heave response due to
the excavation. Monitoring points were installed on the four comers of the crane pad.
The pad was located approximately 34 m east of the west wall and approximately 60 m
south of the north wall. The location is shown in Figure 4.1. The data recorded for the
points are given in Table 4.2. The final vertical movement is plotted in Figure 4.20 and
the horizontal movement is plotted in Figure 4.21.

For Table 4.2, positive numbers

represent movement north, east, and upwards for the northing, easting and vertical
movement, respectively.

Figure 4.20 indicates a steady increase in base heave, and shows typical behaviour of
vertical movement due to unloading. Total movement of the rockmass is not represented,
as the targets were installed well after unloading began. Further, monitoring was ended
in January 2008 due to ice and snow covering the targets. The heave monitoring captured
30 mm of vertical uplift, and is expected to be only one third of the total uplift
experienced on site.

Figure 4.21 shows the horizontal movement of the crane pad. It is interesting to note that
the pad essentially had a net zero northing movement over the course of readings. In
addition, the crane pad steadily moves westward during excavation.

The westward

movement is particularly confusing as the crane pad would be expected to move eastward
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towards the centre of the site.

The movement is likely dependent on the complex

unloading sequence and beyond the scope of this thesis.

4.3

Summary and conclusions

The monitoring programme at The Bow captured the magnitudes, direction, and
behaviour of the subsurface movement affected by the excavation and shoring system.
The movement from the inclinometers, extensometers, and precision survey points were
analyzed to identify the phenomena occurring at the job site.

In The Bow project, inclinometers successfully monitored the behaviour of the
excavation face during the construction of the shoring wall and excavation. From the
inclinometer readings it was observed that the horizontal movement predominantly was a
result of a weak rock zone and the shear band phenomena.

The weak mudstone layer was not considered to be a driving force for rockmass
displacements during the design stage outlined in Section 3.2. Its influence only became
apparent as the inclinometer readings continued during excavation.

As described in the Geotechnical Investigation chapter, the shear band is expected to be a
thin layer of mudstone existing in a yielded state. The effects due to the weak rock zone
were observed in all inclinometers to varying degrees. The shear band was observed in
the north wall inclinometers, most of the west wall inclinometers, and in Inclinometers 8
and 10 in the south block.

The elevations of the weak zone and shear band were taken from each of the
inclinometers and plotted in Figure 4.22. As shown in Figure 4.22, the weak zone and
shear band are roughly parallel, with an approximate dip of 2° to the north. In addition,
the inclinometer monitoring verified the swelling potential of the bedrock.
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Inclinometers indicated that significant horizontal movement was occurring during the
excavation and shoring system installation. Total movements generally ranged between
45 and 75 mm into site, with Inclinometer 12 showing up to 153 mm movement. The
major sources of movement in the inclinometers were found to be the shear band and
weak rock zones. From the monitoring results, it can be concluded that:
•

The weak zone and shear band elevation across the north-south section of the
construction site indicate that the phenomena are controlled by bedding features.

•

The shear band movement accounts for up to 70% of the total movement when
present.

•

The shear band movement is highly sensitive to excavation activities.

•

The weak zones were observed at all inclinometers.

Extensometer monitoring indicates that the zone of influence of rock deformation is
greater than 25 m where shear band movement occurs, and less than 20 m where only
weak zone movement occurs.

Due to the complexity of the excavation sequence, the orientation and magnitude of insitu stresses cannot be derived.

The loading movement due to relaxation from excavation can be used to calibrate a 2D
finite element analysis.

The creep deformation rates observed by the monitoring

programme are indicative of the findings by Lo et al (2009) from the swell testing
completed on rock samples from The Bow. Such findings are similar to the swelling
characteristics observed in the shale formations of Southwestern Ontario and
neighbouring United States. The creep movement is particularly concerning, as it could
represent significant forces on the final structure (Lee and Lo 1976).

An initial estimation based on semi-confined swell tests and null swell tests, as described
in Chapter 2.0 of the expected swelling by Lo et al (2009) indicated that up to 15 mm of
deformation would occur over a one year period.

Results from the inclinometers
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indicated that swelling in the magnitude of 4 to 14 mm occurred during the first year after
construction and excavation activities had ceased.

The mechanics behind the shear band effect are also poorly understood. The current
theory is that the shear band is a thin layer of rock that undergoes a large amount of
plastic strain due to the effects of excavation. This issue underlines the importance of
field monitoring in deep excavations in soft rock.

Detailed subsurface exploration

programmes, such as those conducted for the Oldman Dam foundation (Davachi et al
1991), are required to identify and properly characterize the bedrock.

A thorough

monitoring programme is required to analyze the behaviour of the shoring and soil/rock
system to ensure compliance with the design requirements.

Base heave monitoring indicated that greater than 30 mm of vertical movement occurred.
Likely, this movement is greater than 90 mm given the small portion of heave measured
and the extent of uplift the occurred prior to the installation and initialization of the
monitoring points.
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Table 4.1. Extensometer installation and reading details.
Extensometer
Location
Elevation
Date

Initial

Final

[ml

Installed

Reading

Reading

1

North Wall

1034.75

10/25/2007

10/25/2007

5/29/2008

2

West Wall

1036.00

9/25/2007

10/5/2007

5/29/2008

3

North Wall

1036.00

3/10/2007

10/10/2007

5/29/2008

4

West Wall

1036.25

N/A

12/2/2007

4/17/2008

5

East Wall

1036.00

12/12/2007

1/5/2007

5/30/2008

6

North of 1st

1036.00

4/3/2008

8/3/2008

5/30/2008

Legion

Table 4.2. Precision target data from crane pad.
Date
Northing

Easting

Vertical

[mm]

[mm]

[mm]

11/23/2007

-2

-1

2

11/29/2007

2

-3

7

12/7/2007

4

5

11

12/14/2007

6

-5

15

12/21/2007

8

-7

18

12/28/2007

11

-15

21

1/4/2008

6

-19

25

1/11/2008

7

-21

27

1/18/2008

5

-27

27

1/25/2008

-3

-30

30
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Figure 4.1.

AVENUE

AVENUE

Plan location of inclinometers and extensometers (Lardner et al 2010).
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Example of movement due to weak zone and shear band.
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Maximum movement vectors for final readings of inclinometers.
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Summary of final inclinometer readings (Lo et al 2009).
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Figure 4.5.

Inclinometer 3 results showing excavation elevation at the time of reading
(Lardner et al 2008).
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Figure 4.6.

Reading
Reading
Reading
Reading

05
16
24
37

Inclinometer 4 results showing excavation elevation at the time of reading
(Lardner et al 2008).
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Inclinometer 8 results showing excavation elevation at the time of reading
(Lardner et al 2008).
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Inclinometer 10 results showing excavation elevation at the time of reading.
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Figure 4.9.

North wall shear band movement and excavation over the length of construction.
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Figure 4.10. South wall shear band movement and excavation over the length of construction as observed from Inclinometer 10.
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Figure 4.11. Inclinometer 5 results showing excavation at the time of reading (Lardner et
al 2008).
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Figure 4.12. Inclinometer 6 results showing excavation at the time of reading (Lardner et
al 2008).
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5.0

FINITE ELEMENT ANALYSIS

This chapter contains the finite element analysis conducted to analyze and examine the
results of the monitoring and field observations described in previous chapters.

The

geological model was derived from the findings described in the geotechnical
investigations (Section 2.2). The shoring system and excavation sequences were derived
from the design drawings and field notes, as discussed in the Design and Construction
chapter (Chapter 3.0). The results of the finite element analysis were compared to the
inclinometer and extensometer results summarized in Chapter 4.0 (Monitoring
Programme).

5.1

PLAXIS finite element program

PLAXIS version 8.6 (PLAXIS) is a 2D finite element continuum modeling program
developed at the Technical University of Delft.

PLAXIS is well documented in

geotechnical literature. PLAXIS is the finite element program used for analysis in this
thesis. As such, a brief description of the program will be given to ensure the reader has
the required amount of information to understand the subsequent analysis.

The

information on PLAXIS included in this subsection is derived from the PLAXIS version
8 (PLAXIS 2006) manuals and from the 2011 PLAXIS Short Course on Computational
Geotechnics and Dynamics in New York, USA (PLAXIS 2011).

5.1.1

Mesh information

The mesh used in the finite element analysis to represent soil and rock is composed of 15
noded triangular elements. Each node represents the various degrees of freedom within
the element for the respective computation: movement for deformation calculations, pore
pressure for groundwater flow calculation, and excess porewater pressure for
consolidation calculations (PLAXIS 2006). In addition, each element has stress points
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containing discrete values of secondary quantities, such as stress and strain. These stress
points are used in Gaussian integration over the element (PLAXIS 2011).

5.1.2

PLAXIS material properties

The primary soil and rock model used in the finite element analysis for this project was a
linear-elastic perfectly-plastic model, which PLAXIS calls the Mohr-Coulomb model.
Required deformation and strength parameters are limited to the elastic modulus,
Poisson’s ratio, cohesion, and angle of internal friction. The Mohr-Coulomb model is a
basic and well understood soil model that has been studied in great depth. The model is
considered a standard one in engineering practice (PLAXIS 2006).

Slender structural elements such as beams, slabs, and tunnel linings can be simulated in
PLAXIS as elastic plate elements. The main properties required to characterize the plate
elements are: axial stiffness, (EA), flexural stiffness, (El), weight per unit length and
Poisson’s ratio (PLAXIS 2006).

Pre-stressed soil and rock anchors can be modeled using a combination of two material
elements.

The free zone is composed of node-to-node Anchors, which create a

connection between two points and allow a tensile force to be placed between them. The
stress/strain relationship is based upon the stiffness of an individual anchor per the anchor
spacing (EI/s). The anchor zone is composed of Geogrids with user-defined stiffness
(El). The adhesion of the Geogrid to the encompassing soil/rockmass can be set as a
percentage of the soil or rock strength using Interface elements.

Both node-to-node

Anchor and Geogrid elements only work in tension (PLAXIS 2006).

5.2

Finite element analysis

Two total stress plane strain conditions were analyzed: one condition based on the east
wall with only the weak mudstone zone present, and one condition based on the
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observations at the north wall with the presence of the shear band phenomena and weak
mudstone zone. As observed in the Monitoring Programme chapter in Section 4.2.1.3,
the north and east wall behaviour indicated clear differences in loading and creep
movement. Also noted in that section is the fact that the loading portion ends some time
after excavation near the shoring face is completed. Due to the observed lag between the
excavation and the cessation of movement due to the excavation, interpretation of results
is only appropriate when comparing the results from the finite element analysis at the
final excavation stage to movement observed in the inclinometers once loading
movement had ceased.

In both conditions, the finite element model utilized rock properties based upon the
results of the downhole seismic testing, laboratory tests and published information
described in Chapter 2.0 and construction details as described in Chapter 3 and in
additional construction documents.

The results were compared with the monitoring

results described in detail in Chapter 4.0.

The finite element analysis was performed on a representative section, shown in Figure
5.1. The analysis was conducted in stages representative of the sequenced, progressive
stages of excavation,

shoring,

and tieback installation

as derived from field

documentation. At each step in the construction process, plane strain elasto-plastic finite
element calculations were conducted to provide an equilibrium condition from which
estimated soil and structure behaviour was obtained.

The results from each stage of

construction was used as the basis for the next stage, with the results of the final
excavation proving estimated soil stresses and strain within the zone of influence of the
excavation, as well as shoring wall axial load, shear, bending moments and deflection.
The calculated movement of the rock mass was compared to recorded movements from
inclinometers and extensometers.

5.3

Geological model
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The soil and rock parameters used in the FEA were derived from in part by the laboratory
testing on mudstone samples described in Chapter 2.0, from previous finite element
analysis as published in Numerical analyses on the wall deflections of The Bow

excavation by Lo et al. (2010), as well as from the engineering experience. The soil and
rock parameters used are given in Table 5.1 and shown in Figure 5.2.

Laboratory testing of a weak layer of mudstone presumed to be from the shear band or
near it, resulted in strength and deformation parameters. The intact strength parameters
should be representative of the weak mudstone layers, and the residual strength
parameters should correspond with the shear band.

Elastic moduli from the uniaxial

compression tests and triaxial tests were used for the Shear Band. Corresponding elastic
moduli were chosen based upon modified results from the downhole seismic survey. The
rock mass layer refers to the bedrock layers that are not a part of the Weak Zone or Shear
band. For all layers, the Poisson’s Ratio was assumed to be 0.3.

The elastic modulus of the Rock Mass was derived from a reduced average shear
modulus from the downhole seismic survey. The average shear wave velocity recorded
was 400 m/s.

The corresponding elastic modulus is 10400 MPa.

This result was

compared to the laboratory testing which resulted in an average elastic modulus

(E 50)

of

133 MPa. Based upon the shear modulus reductions curves corresponding to dynamic
and laboratory testing (Benz et al 2009), it was assumed that a reduction of 30% from the
dynamic shear modulus would result in a representative value for the Rock Mass layer.
This leads to an elastic modulus of 725 MPa for the Rock Mass layer. A similar method
was used to establish the modulus of 255 MPa for the Weak Zone using the shear wave
velocity of 250 m/s observed in BH06-05.

The Lo et al. (2010) finite element analysis completed a parametric study of the rock
parameters which resulted in a modulus of 825 MPa for the Rock Mass layers and 165
MPa for the Weak Zone of mudstone. The elastic modulus of the soil and shear band
layers were the same for both analyses. The values for the elastic moduli were analyzed
in comparison to the values derived from the parametric study done by Lo et al. (2010).
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Results of the comparison indicate acceptable performance of the values chosen for this
analysis.
The strength parameters for the soil and rock layers used in the analysis are summarized
in Table 5.1. The strength characteristics of the Weak Zone were taken as the intact
strength of the mudstone as per the laboratory results, as described in Section 2.5. The
Shear band parameters were taken as the residual strengths. The parameters for the Soil
and Rock Mass were derived from engineering judgment and experience. These values
correspond to the values from the 2010 Lo et al analysis.

The soil layers are shown in Figure 5.1 and described in Table 5.4 and Table 5.5. The
differences in soil layering between the east and north wall models are derived from the
observations in the field, the borehole logs, and the monitoring results.

The groundwater in the Calgary downtown area is generally located on top of the bedrock
and varied over the seasons.

Piezometer measurements during the geotechnical

investigation indicated that the groundwater was located between 0 and 1 m from the top
of bedrock.

Excavation records indicate that the groundwater was located only in

depressions in the surface of the bedrock. During excavation, water was observed in a
few select discontinuities in the bedrock with no indication of connectivity. Due to the
lack of water in the bedrock and the reduced groundwater in the soil layers, the water
table was ignored for the finite element analysis. As such, all analyses are total stress.

The east wall is composed of soil from ground elevation to the top of rock at -6 m. The
top of rock value was taken from the drilling records of the caissons along the east wall.
From Inclinometer 5 and 6 results, the Weak Zone was assumed to be centered at -13.5 m
depth. From drilling records and seismic survey results it is assumed to be 3 m thick.

The north wall was composed of soil from the ground surface to the top of rock at -7 m as
established from caisson installation records.

The Weak Zone was assumed to be

centered at -14.5 m based upon Inclinometer 3 and 4 readings.

The thickness was

assumed to be 3 m. The shear band was assumed to be at a depth of -25 m, based upon
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inclinometer readings. The thickness was assumed to be 0.25 m as based upon field
observations of weak, dark, slickensided mudstone layers which varied in thickness
between 0.1 m and 0.6 m. One such layer was assumed to be the shear band layer which
daylighted during excavation at Inclinometer 8.

5.4

Shoring system

The shoring geometry used in the analysis was identical for the east and north walls and
is shown in Figure 5.1.

The shoring system parameters are given in Table 5.2 and Table 5.3. The parameters
were chosen based upon the information given in the shoring drawings and from field
reports during construction.

All shoring support materials were modeled as perfectly elastic.

The piles were modeled as Plate elements in the FEA. The caisson wall was modeled as
W460X67 piles with an area of 8715 X 103 mm2 and a second moment of inertia (Ix) of
640.5 X 109 mm4.

The anchors were modeled as a combination of two material data sets in the FEA. The
anchor zone was modeled as Geogrids, and the free zones were modeled as node-to-node
Anchors.

As per the construction drawings, the A and B rows were composed of

Dywidag 36 mm diameter 830/1035 MPa bars, and the C to G rows were composed of
Dywidag R38N 500 MPa hollow core bars. The diameter of the anchors was 115 mm.

Anchor loads were derived from field notes and construction documentation. The design
load for anchor rows A and B was 630 kN. The design load for anchor rows C through F
was 360 kN. Lock -in loads for A and B anchors was 100% of design, while lock-in
loads for the remaining anchors were 60% of design load.
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The interface between the shoring system and the soil and rock was modeled as a perfect
connection. Given the nature of the movement and the purpose of the analysis, it was
decided that the level of complexity required to accurately model the connection between
structures and soil and rock would not affect the desired outputs.

5.5

Model geometry

For east and north wall analyses the models consisted of a 190 m long by 80 m deep
section. The extents were chosen to ensure boundary effects did not influence the result
of the excavation modeling.

The excavation was 50 m long by 20 m deep.

The

excavation width was chosen as approximately half of the width of the north block of
construction. The depth of the excavation was chosen based upon the average excavation
depth. The side boundaries were restricted in the horizontal direction. The base was
restricted in the vertical and horizontal directions.

The north wall FEA consisted of 4285 nodes, and the east wall consisted of 1454 nodes.
The drastic difference in the number of nodes is due to the presence of the shear band in
the north wall analysis. Node density was increased within the 50 m directly behind the
shoring wall. An example of node density for the east wall analysis is given in Figure 5.3.

5.6

In-situ stress

As discussed in Chapter 2, there are no near surface stress measurements available in the
literature for the Porcupine Hill Formation. Various studies (Bell, 1996, Bell and Gough,
1979, and Babcock 1973) have indicated that there is elevated horizontal in-situ stress

present in the Western Canadian Sedimentary Basin. A major purpose o f the FEA was to
analyze the approximate in-situ stress conditions present through back analysis using the
available information. To limit the number of variables and in order to obtain as accurate
an estimate as possible, the FEA was first completed on the east wall. Monitoring from
Inclinometers 5 and 6 on the east wall did not indicate the presence of a shear band.
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Therefore, analysis was first performed on the east wall. This analysis has assumed that
the horizontal in-situ stress is isotropic.

Initial stresses were developed in the finite element analysis by initially running gravity
loading. Rock layers with artificial unit weights were used to generate the in-situ stress.
The representative soil and rock layers were then substituted into the model while the
elevated horizontal stresses remained. An example of stresses from the artificial layers is
given in Figure 5.4 and the corresponding stresses at the beginning of the excavation
analysis are shown in Figure 5.5. As shown, the horizontal stress at the top of the weak
mudstone layer is 1.3 MPa with the stress increasing by 10.8 kN/m with depth. The
magnitude of horizontal stress at the beginning of the analysis can be adjusted by
increasing or decreasing the unit weight of the artificial layers. The increase of stress
with depth is a result from the calculation phase between steps and is based upon the
Poisson’s Ratio.

5.7

East wall FEA

Finite element analysis was used to conduct a staged construction model of the east wall
excavation.

Input parameters are given in the above sections. Excavation sequences

were taken from field observations.

The results of the analysis are compared to the

monitoring observations from Inclinometers 5 and 6 and Extensometer 5.

The FEA was used to analyze the level of in-situ stress present in the bedrock as well as
to compare the accuracy of the soil and rock layer parameters measured from site analysis
and laboratory results.

5.7.1

East wall staged construction sequence

The excavation sequence used for the east wall is shown in Figure 5.6. The calculation
phases are given Table 5.6. The excavation and installation and stressing of the tiebacks
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were recorded during the construction period. The construction and field reports were
reviewed to determine the excavation and staged construction sequences that accurately
represent construction along the east wall.

5.7.2

East wall FEA results

The FEA analysis was first completed with in-situ stress state derived considering Ko =
0.8 condition, as per AMEC’s 2006 geotechnical report recommendations. The initial
stress conditions at the beginning of the FEA are given in Figure 5.7 and Figure 5.8,
showing the vertical and horizontal stresses, respectively.

The results were compared with the observed movement from Inclinometers 5 and 6 and
are shown in Figure 5.9. As shown in Figure 5.9, the movement is significantly smaller
than those observed in Inclinometer 5 and 6. The results do show some bulging from the
weak zone, but only 9.5 mm as compared to the observed 38.2 to 50.5 mm from the
inclinometers.

The initial horizontal stress was then conducted using elevated horizontal stresses with
initial artificial rock layers. The unit weights of the artificial layers were increased until a
suitable match was observed between the analysis and the inclinometer results. The final
horizontal stress was calculated as 1.3 MPa at the top of the Weak Zone with an increase
of 10.8 kPa/m with depth. The results are shown in Figure 5.9 and are consistent in
elevation and magnitude of the observed movement.

The maximum calculated

movement was 60.9 mm at a depth of 13.2 m. The maximum movement observed in
Inclinometer 5 was 38.4 mm at a depth of 13.9 m, and 50.5 mm at a depth of 13.4 m in
Inclinometer 6. The total calculated movement is 12 to 22 mm greater than the observed
movement. Figure 5.10 shows the inclinometer movements are in good agreement with
the calculated movement when adjusted by 15 mm.

The initial stress conditions for the elevated horizontal in-situ stress condition are given
in Figure 5.11 and Figure 5.12, showing the vertical and horizontal stresses, respectively.
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The final stress vertical and horizontal stress conditions are given in Figure 5.13 and
Figure 5.14. As shown in final excavation, there is a concentration of stresses around the
corner of the excavation, as is expected.

Vertical and horizontal stresses are in the

magnitude of 2.6 MPa and 2.8 MPa, respectively. There is significant relief of horizontal
stress near the face of the shoring.

The total displacements of the model are given in Figure 5.15. Figure 5.16 is a detailed
view of the area immediately around the excavation. As can be seen in Figure 5.15 and
Figure 5.16, the movement is predominantly horizontal over the depth of the cut, with
heave movement observed along the base of the excavation. There is some settlement at
the ground surface.

The calculated vertical and horizontal movements of the soil and rock mass are shown in
Figure 5.17 and Figure 5.18. The calculated vertical movement indicates a heave of 29
mm due to the excavation of the soil and rock. The vertical profile behind the shoring
indicates a wedge of soil and rock that has settled. The maximum surface settlement is
calculated to be 5.1 mm at a distance of 10.7 m from the face of shoring.

The horizontal displacement profile at the top of bedrock is shown in Figure 5.19. As
shown, the maximum deformation was 48 mm. The magnitude of deformation dropped
to less than 10 mm at 70 m from the face of shoring.

The difference in horizontal

deformation is an important factor in determining the effect on neighbouring structures
founded in the bedrock.

The rock mass movement calculated was compared to the movement recorded by
Extensometer 5. The cross section taken from the FEA results is shown in Figure 5.18 as
section A-A*. The results are plotted and compared to the readings from Extensometer 5
at the end of excavation in Figure 5.20. The Adjusted extensometer line shown in Figure
5.20 is used to more adequately compare the behaviour captured by the extensometer.
Due to a significant amount of movement occurring before the installation and
initialization of the extensometer, the readings were adjusted so that the base of the
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extensometer, which is assumed to be zero during readings, matches the calculated results
at 25 m past the shoring face. As shown, there is a significant difference between the
adjusted observations and the calculated movements.

5.8

North wall FEA results

The north wall was analyzed using FEA to assess the effects of the shear band. The
analysis utilized the same rock parameters and in-situ stresses from the east wall analysis.
The results of the 2D FEA were compared to the inclinometer and extensometer results to
verify the model accuracy.

The shoring system was modeled identically to the east wall analysis using the geometry
shown in Figure 5.1.

The mesh used for the analysis is shown in Figure 5.21.

As

discussed earlier, the nodes are concentrated behind the shoring wall to ensure precision
of results.

5.8.1

North wall staged construction sequence

The excavation and installation and stressing of the tiebacks were recorded during the
construction period. The construction and field reports were reviewed to determine the
excavation and staged construction sequences that accurately represent construction
along the north wall. The excavation sequence is shown in Figure 5.22. The calculation
phases are given Table 5.7.

5.8.2

North wall FEA results

The initial stress conditions were derived as per the description given in Section 5.6. The
resulting vertical and horizontal stresses at the beginning of the excavation analysis are
given in Figure 5.23 and Figure 5.24 respectively. The initial elevated stress at the end of
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Phase 2 is 1.3 MPa at the top of the Weak Zone. The initial stress at the top of the Weak
Zone is the same as the east wall elevated stress analysis.

The FEA was completed using the excavation stages described in Table 5.7 and shown in
Figure 5.22. The resulting vertical and horizontal stresses calculated at the end of plane
strain movement are given in Figure 5.25 and Figure 5.26, respectively. A significant
difference between the north and east wall results is shown in the effects of the shear
band on the horizontal stress relief. There is significant release of horizontal stress due to
the shear band, as shown in Figure 5.26, as compared to the relief seen in Figure 5.14 for
the east wall.

The total displacement vectors for the north wall analysis are given in Figure 5.27.
Figure 5.28 is a detailed view of the total displacement vectors at the excavation. The
calculated vertical and horizontal movements are shown in Figure 5.29 and Figure 5.30,
respectively.

The effects of the shear band were noticeable.

Both the vertical and

horizontal movements below the shear band were limited, while the magnitude above the
band was much more pronounced, specifically in the rock mass between the excavation
and the shear band.

The effect of the shear band on horizontal deformation was

significant. The calculated movement extends for over 120 m, as shown in Figure 5.30.
Heave at the centre of the excavation was calculated to be 30 mm, similar to the east wall
calculations. However, the maximum vertical uplift of 34 mm occurs 11.6 m away from
the face of excavation. The maximum settlement behind the shoring wall is 6.7 mm at a
distance of 15.9 m from the shoring face. This movement is slightly larger than the east
wall settlement, and occurs at 1.5 times the distance from the face of shoring.

The horizontal deformation at the top of rock is given in Figure 5.31. The horizontal
deformation at the top of the Weak Zone is given in Figure 5.32.

The maximum

calculated movements are 54 and 68 for the top of rock and top of Weak Zone
respectively. Although there is a difference in the movement at the excavation face, the
magnitudes are similar at a distance. The magnitudes of deformation decrease over a
larger distance from the face of shoring than that calculated for the east wall. This more
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gradual decreasing of horizontal displacements causes a larger zone of influence, but
lessens the impact of differential movement over smaller distances.

The movement at the face of the excavation is compared to results from Inclinometer 4
and 5 and is given in Figure 5.33. As per the east wall, there was approximately 10 mm
of unaccounted movement in the inclinometer readings due to the rock mass.

The

adjusted readings are given in Figure 5.34, which show the adequate similarity of the
calculated movement to the observed.

The calculated movement of the rock mass behind the shoring wall is compare to the
readings from Extensometer 1 in Figure 5.35. The Adjusted readings indicate adequate
correlation to the calculated movements. Some discrepancy occurs near the face wall,
where the observed magnitude of expansion is less than the calculated.
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5.9

Summary and Conclusions

Finite element analysis of the displacements due to excavation at The Bow was
conducted for the north and east walls.

Soil and rock parameters were taken from

laboratory tests taken from a mudstone sample, seismic downhole survey results, and
point load tests. The greatest unknown was the in-situ stress within the bedrock. This
analysis established that a stress of 1.3 MPa at the top, increasing by 10.8 kPa/m with
depth resulted in acceptable results. The increase in stress with depth is a result of the
process of generating the in-situ stress within the PLAXIS finite element program.
Proper field measurement of the in-situ stress is required. Given the limitations, tentative
conclusions may be made in regards to the FEA findings.

•

The results of the plane strain analysis of the north and east wall derived
deformations similar to those recorded in the inclinometers and extensometers.

•

The bedrock mass can be represented by three distinct layers: the general rock
mass, the zone of weak mudstone, and the shear band layer.

•

The general bedrock mass can be modeled using c = 350 kPa, (j) = 40°,

cp

= 6°, and

E = 725 MPa.
•

The zone of weak mudstone can be modeled using c = 350 kPa, ()) = 24°, cp = 6°
and E = 255 MPa.

•

The shear band layer can be modeled using c = 0 kPa, <|) = 15°, 9 = 0° and E =
165 MPa.

•

The weak zone layer contributes a significant amount of deformation. The effects
of the weak zone should be carefully analyzed during the design of any support
system.

•

The shear band causes far field displacement and stress relief.

This analysis

indicated that horizontal deformation occurred up to 120 m from the face of
shoring. The horizontal extent of the zone of influence is 6 times the depth of
excavation.
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•

Settlement and heave magnitudes and locations are affected by the weak zone and
shear band location and extents.

To advance the state of knowledge and to ensure proper design the near surface in-situ
stress should be measured in the Calgary area.

Any analysis of the Porcupine Hills

formation for engineering design of urban excavation should strive to identify and
characterize the weak zones, shear bands, and in-situ stress. These three aspects control
the majority of the deformations observed at The Bow.
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Table 5.1.

Soil and rock properties.

Layer

Soil
Rock
Mass
Weak
Zone
Shear
Band
Table 5.2.
Pile

Unit
Weight
[kN/m3]
21

c’
[kPa]

<j)’
[degrees]

cp’
[degrees]

10

40

22

350

22
22

Poisson’s
Ratio

2.5

Elastic
Modulus
[MPa]
150

40

6

725

0.3

350

24

6

255

0.3

0

15

0

165

0.3

Pile properties.
Pile Grade
Pile Spacing

W460X67

0.3

EA

El

w

[GPa]

[m]

[kN/m]

[kNm2/m]

[kN/m2]

350

2.1

8.3 X 1 0 5

6.1 X 1 0 4

0.3

Table 5.3. Anchor properties.
Anchor Level
Spacing

u

0.15

Free Zone EA

Anchor Zone EA

[m]

[kN/m]

[kN/m]

A and B

2.1

9.5 X 104

3.0 X 105

C

2.1

9.3 X 104

1.8 X 105

D* to F

3.0

6.5 X 104

1.8 X 105

G

3.0

N/A

1.8 X 105

*D row for north wall was modeled as the C Row.
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Table 5.4. East wall soil and rock stratigraphy.
Top of Layer
Top Elevation
Layer

Bottom of Layer

Thickness

(depth)

(depth)

[m]

[m]

[m]

1045

0

6

6

1039

6

12

6

1033

12

15

3

1030

15

80

65

Bottom of Layer

Thickness

(depth)

(depth)

[m]

[m]

[m]

1046

0

7

7

1039

7

14.5

7.5

1031.5

14.5

17.5

3

1033.5

17.5

80

62.5

1021.25

24.75

25

0.25

[m]

Soil
Upper Rock
Mass
Weak Zone
Lower Rock
Mass

Table 5.5. North wall soil and rock stratigraphy.
Top Elevation
Top of Layer
Layer
[m]

Soil
Upper Rock
Mass
Weak Zone
Lower Rock
Mass
Shear Band
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Table 5.6. East wall FEA calculation phases.
Calculation Phase
Calculation Type
Purpose
Phase 1

Total Multipliers

Generate in-situ stresses with total
multipliers.

Phase 2

Staged Construction

Substitute soil and rock layers. Activate
pile.

A Row

Staged Construction

Excavation to, install, and stress A row
anchors to 300 kN/m.

B Row

Staged Construction

Excavation to, install, and stress B row
anchors to 300 kN/m.

C Row

Staged Construction

Excavation to, install, and stress C row
anchors to 170 kN/m.

D Row

Staged Construction

Excavation to, install, and stress D row
anchors to 120 kN/m.

E Row

Staged Construction

Excavation to, install, and stress E row
anchors to 120 kN/m.

F Row

Staged Construction

Excavation to, install, and stress F row
anchors to 120 kN/m.

G Row

Staged Construction

Complete excavation and install G row
nails.
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Table 5.7.

North wall FEA calculation phases.

Calculation Phase

Calculation Type

Purpose

Phase 1

Total Multipliers

Generate in-situ stresses with total
multipliers.

Phase 2

Staged Construction

Substitute soil and rock layers. Activate
pile.

A Row

Staged Construction

Excavation to, install, and stress A row
anchors to 300 kN/m.

B Row

Staged Construction

Excavation to, install, and stress B row
anchors to 300 kN/m.

C Row

Staged Construction

Excavation to, install, and stress C row
anchors to 170 kN/m.

D Row

Staged Construction

Excavation to, install, and stress D row
anchors to 170 kN/m.

E Row

Staged Construction

Excavation to, install, and stress E row
anchors to 120 kN/m.

F Row

Staged Construction

Excavation to, install, and stress F row
anchors to 120 kN/m.

G Row

Staged Construction

Complete excavation and install G row
nails.

North Wall

Figure 5.1.

Cross section geometry of shoring support.
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15 noded triangle distribution used in the east wall analysis.
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Horizontal stress at beginning of finite element analysis.
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East wall excavation sequence.
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Initial vertical effective stresses for a K0 = 0.8 condition.
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FEA results for east wall comparing to inclinometer readings.
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Figure 5.14. Final horizontal stresses at the east wall.
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6.0

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1

Summary and conclusions

The wealth of information available from The Bow shoring and excavation project in the
form of geotechnical investigation, construction reports, and monitoring data allowed this
study to investigate the effects of a 20.5 m deep excavation in the downtown Calgary
mudstone bedrock. This study was able to identify and characterize the mass movements
observed during the excavation, analyze the monitoring data to assess the types,
magnitudes, rates, and effects from excavation of the movements observed during
construction, and conduct an initial finite element analysis to assess the effectiveness of
the geological model as well as the likely in-situ stress.

During excavation, several mass movements were observed to occur along the shoring
wall.

As a result of the movement, deformations and cracking were observed in

neighbouring structures.

Along the northwest corner, cracking was observed in the

roadway and sidewalks running parallel to the excavation face. Movements occurred in
the shoring wall near the Andrew Davidson building resulted in large cracks in the
caisson wall and along the ground surface.

Severe cracking occurred in the Royal

Canadian Legion No. 1 Branch that was directly adjacent to the shoring wall that
experienced significant horizontal and vertical deformation.

Survey monitoring and

inclinometer results indicate that the weak mudstone layer present across the site
significantly contributed to all of these observed movements.

The results of the monitoring programme, specifically the inclinometer and extensometer
data, successfully identified the weak mudstone layer and shear band as being the
significant contributors to the observed large horizontal deformations. The amount of
data permitted an analysis of these movements to assess the location, magnitude, effects
from excavation, and rates of movement during excavation.

The average maximum

horizontal movement was approximately 65 mm, with the maximum deformation of 153
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mm recorded at Inclinometer 12 at a depth of 13.5 metres. From the monitoring analysis,
it can be shown that:

•

The shear band movement can account for up to 70% of the total movement when
a shear band is present.

•

The shear band movement is highly sensitive to unloading due to excavation.
Movement along the shear band layer was observed when excavation occurred up
to 12 m above the shear band.

•

The weak zones were observed at all inclinometers.

•

Inclinometer readings were used to determine the movement caused by
construction activities and the movement due to time dependent swelling.

A 2D plane strain finite element analysis was completed for two conditions using
PLAXIS version 8.6.

The first FEA considered a condition with only a weak zone

present, similar to the observed conditions on the east wall. The second analysis modeled
the conditions observed at the north wall, where both a shear band and weak mudstone
zone were present. The FEA was completed to analyze the effectiveness of the bedrock
parameters discussed in the geotechnical investigations and to estimate the magnitude of
in-situ stresses present at The Bow project site. Based upon the results of the analyses,
the following conclusions can be made:

•

The results of the plane strain analysis of the north and east wall derived
deformations similar to those recorded in the inclinometers and extensometers.

•

The weak zone layer contributes a significant amount of deformation. The effects
of the weak zone should be carefully analyzed during the design of any support
system.

•

The shear band causes far field displacement and stress relief.

•

Settlement and heave magnitudes are affected by the weak zone and shear band.
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6.2

Recommendations for engineering practice

The analysis conducted on the information gathered during construction and excavation
at The Bow has resulted in several useful conclusions. However, it should be noted that
the understanding of the Porcupine Hills Formation is not complete. The scope of this
thesis limited the work, and several assumptions were made in the analysis and
interpretation. Such assumptions included a 2D assumption of the movements, despite
the inherent 3D nature of the geometry and complex excavation process. As well, it was
assumed that the in-situ stress was isotropic in the horizontal plane.

Preliminary

information from Bell and Gough (1979) and Babcock (1973) indicate anisotropic
behaviour. In addition, the borehole logs provided during the geotechnical investigation
(AMEC 2006) lacked the level of detail or the scope to properly identify possible shear
band locations. This is of paramount importance for any future deep excavations within
Calgary.

In addition, the initial geotechnical report (AMEC 2006) misinterpreted the

swelling potential of the bedrock.

Laboratory tests performed by the GRC and

inclinometer results indicate that the bedrock is capable of swelling. This challenge will
also have to be considered for any future work. Based upon the work done in this thesis,
several engineering recommendations can be made for future projects in the area.

•

The borehole investigation must be carefully planned.

Shear bands and weak

mudstone layers must be identified.
•

Weak mudstone layers can be identified by careful evaluation of results of point
load tests. Zones of large decreases in strength, particularly in diametric point
load tests, can be used in identification.

•

Weak mudstone layers can be identified by seismic borehole investigation.
Careful attention to zones of low shear wave velocity can be used in conjunction
with the stratigraphy borehole information to identify possible weak zones.

•

Shear bands can be identified by the same criterion used at the Oldman Dam
foundation project (Davachi et al 1991).

•

The boreholes must be of sufficient depth to capture the location of the shear
bands and weak zones within the zone of influence of the excavation.

Shear
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bands at The Bow have been observed to be affected by excavation 12 m above
their location.
•

Field and laboratory testing is required to properly identify the strength and
deformation properties of the bedrock.

•

Care must be taken when excavating in the easily deteriorated mudstone during
construction.

•

A robust monitoring system is required to ensure the adequate performance of the
shoring system during excavation and to evaluate its performance.

•

The assumption of a

stress regime (up to K„ = 2.0 as per AMEC 2006) in the

bedrock is inappropriate. As a working hypothesis, the horizontal in-situ stress
may be assumed to be 1.3 to 1.5 MPa at depths down to 20 m for preliminary
design practice.

As Calgary continues to develop, deep excavations will pose considerable construction
challenges.

Careful consideration and engineering judgment will be required to

overcome the problems presented by excavation within the Porcupine Hills Formation.

6.3

Recommendations for further work

The scope of this thesis was to analyze the data accumulated during the excavation for
The Bow.

Results from this analysis have highlighted the short fallings in the

information available and the limitations imposed by the initial assumptions.

The lack of in-situ stress information presents the largest gap in knowledge.

A

programme of drilling and borehole tests should be completed in order to assess the
magnitudes and directions of horizontal in-situ stresses.

Similar tests have been

completed successfully by the University of Western Ontario using the overcoring
technique with the USGS probes (Lo et al 1979, Palmer and Lo 1975, Trow and Lo
1988).
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Much of the monitoring programme result analysis and finite element analysis was
completed under the assumption of 2D movement. The complex interactions between the
geometry of the site, geological conditions, and excavation and construction sequence
played a significant role in the results obtained from the monitoring programme.

A

detailed 3D finite element study would aid in better understanding of these interactions,
specifically in regards to the mass movements observed on site.
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